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ABSTRACT 
 
 
Sublevel caving (SLC) is a mass mining method based upon the utilisation of gravity flow of 
blasted ore and caved waste rock. The method functions on the principle that ore is fragmented 
by blasting, while the overlying host rock fractures and caves under the action of mine induced 
stresses and gravity. The caved waste from the overlying rock mass fills the void created by 
ore extraction.  
 
A major disadvantage of the SLC mining method is the relatively high dilution of the ore by 
caved waste. A major factor influencing this dilution is the flow behaviour of the ore and waste 
material. For this reason, flow behaviour has been studied and quantified through theoretical, 
small and full scale experimental programs for almost 50 years. These programs have 
attempted to identify parameters which have a significant influence on flow behaviour, and 
therefore ore recovery and dilution results. Parameters directly influencing flow performance 
have been found to include the geometry of the extraction layout and drives, sublevel height, 
blast ring design, material characteristics of the blasted and waste material, and draw control 
methodology. Due to the complex interaction of these parameters with one another, a total 
understanding of the impact of SLC mining on flow behaviour is not fully understood.   
 
Drill and blast issues have been identified in the literature to have a substantial impact upon 
SLC material flow. These issues relate to both drill and blast design parameters and design 
implementation. Increases in SLC geometry size have meant the development of longer and 
larger diameter blast holes, and improvements in explosive and blasting methods. This has in 
turn lead to large mine cost savings due to decreased development costs. Such significant 
changes in the drill and blast design would be expected to have an impact on blasted and caved 
material properties, and therefore material flow behaviour. Dominantly, the literature has made 
general conclusions concerning the interaction of drill and blast parameters and flow 
behaviour, with respect to the knowledge that blasting has a direct impact on ore and caved 
flow material properties. A limited number of studies have related drill and blast parameters to 
indirect measures of material flow behaviour, in particular ore recovery and dilution. To date, 
no detailed analysis of the impact of drill and blast parameters on material flow behaviour in 
full scale SLC operations has been documented in the literature. 
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The implementation of full scale SLC marker trials has been noted in the literature to be 
crucial for the ongoing success of the mining method. Such trials provide detailed information 
concerning the development and shape of the extraction zone, identify possible sources of 
waste ingress into the ring, and ascertain the degree of flow behaviour variability. The marker 
trials undertaken at the Ridgeway SLC gold mine provide a unique opportunity to assess these 
factors. These trials are considered to be the most comprehensive to date, with 69 individual 
ring trials completed from July 2002 to April 2005. The Ridgeway marker dataset was used in 
this thesis to assess and quantify factors influencing material flow behaviour and extraction 
zone recovery.  
 
It can generally be concluded from the Ridgeway marker trials that the shape of the extraction 
zones were irregular in nature (not described by an ellipsoid shape), with primary recovery 
consisting of an area of ‘continuous flow’ near the blast ring plane and ‘fingers’ of recovery 
further from the blast ring plane. The backbreak extraction zone is relatively common, with 
highest recoveries occurring in close to the previously fired blast burden. Secondary, tertiary, 
and quaternary recoveries occur as relatively small discrete zones within the blasted material.  
 
An analysis was undertaken to identify factors that influence extraction zone recovery for the 
Ridgeway marker trial dataset. Factors analysed included parameters related to drawpoint 
location, drill and blast design, geology, drawpoint geometry, and draw control. To identify 
factors influencing extraction zone recovery, a neural network technique was adopted. The 
analysis indicated that a number of blasting parameters are directly or inversely correlated to 
extraction zone recovery for the marker trials. Blasting parameters appear to dominate 
correlations with recovery when compared to geological and drawpoint related parameters. 
Although the neural network methodology provides a rigorous means to identify possible 
correlations between parameters, further data analysis was required to understand the nature 
and characteristics of these relationships.  
 
Correlations identified by the neural network analysis were analysed in two dimensions, and 
did not consider multivariable relationships. Traditional statistical methods were employed to 
investigate and characterise these correlations. For categorical blasting parameters, non-
parametric tests were used to determine if significant statistical differences existed between 
categorical groups. For continuous blasting parameters, the assumption of a linear correlation 
was made to quantify the strength and significance of such a relationship existing. Based upon 
the statistical analysis a number of possible theories were proposed with regard to the impact 
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of blast parameters on extraction zone recovery. Although the correlations analysed do not 
necessarily prove causality, the correlations can be ‘interpreted’ in causal terms to propose a 
number of blast related theories with respect to recovery. To develop these theories, both 
correlations between blasting parameters and extraction zone recovery as well as blast related 
inter-parameter correlations were considered.  
 
The most likely theory based upon this analysis is that a fundamental change in drill and blast 
design at Ridgeway with the removal of blast holes resulted in lower extraction zone 
recoveries (in particular primary recovery close to the blast ring plane). The reduction in the 
number of blast holes in turn impacted on total secondary to quaternary extraction zone 
recovery either directly (due to factors such as poor fragmentation and limited swell) or 
indirectly through reduced primary recovery (leading to subsequent lower total secondary to 
quaternary recoveries). Recovery in the marker ring planes is directly related to proximity of 
the blast ring plane.  
 
The results and conclusions presented in this thesis provide an improved understanding of full 
scale SLC flow behaviour and recovery. In particular, parameters significantly influencing 
extraction zone recovery were identified. The analysis highlights and quantifies the importance 
of drill and blast design and implementation on improved extraction zone recovery.   
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CHAPTER 1 
 
INTRODUCTION 
 
 
1.1 Background 
The original application of sublevel caving (SLC) was in ground so weak that it would 
collapse even in small headings when the support was removed (Hustrulid, 2000). The method 
was later adapted to stronger ground conditions where the rock mass had to be blasted. Current 
SLC geometries consist of a series of sublevels created at intervals of between 20 m and 30 m, 
beginning at the top of the orebody and working downward (Hustrulid, 2000). On each 
sublevel, a series of parallel drives are driven on a centre-to-centre spacing that is the same 
order as the level spacing (Hustrulid, 2000). From each sublevel drive, vertical or near vertical 
fans of blast holes are drilled upward to the immediately overlying sublevels. The distance 
between fans (the burden) is on the order of 2 m to 3 m (Hustrulid, 2000). Beginning typically 
at the hanging wall, the fans are blasted one by one against the front-lying material, consisting 
of a mixture of ore from overlying slices and the waste making up the hanging wall and/or 
footwall (Hustrulid, 2000). Extraction of the ore from the blasted slice continues until total 
dilution or some other measure reaches a prescribed level (Hustrulid, 2000). The next slice is 
then blasted, and the process continued.  
 
The SLC mining method has a number of advantages over other mining methods including 
(Bull and Page, 2000): 
 
• Top down and low capital: It is a top down approach to mining which means that the mine 
can get into production earlier than most other mining methods and at substantially less 
initial capital cost. 
• Flexible: It can deal with changes in the outline of the orebody identified by information 
gained during mine development. 
• Selective: If low grade or barren zones are encountered the bulk of this material can be left 
behind, loading out only the swell material. 
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• Rock ‘factory’: In large deposits where conditions permit, development, production 
drilling, blasting, and loading are carried out on separate levels or independent areas and 
are operations that are conducted independently of each other. 
• Low risk: Very little ore is at risk at any one time. ‘Lost’ ore can be recovered by 
‘overdraw’ on the next level down. 
• Safe: All work is carried out in well supported drives. 
 
The major disadvantage of the SLC mining method is the relatively high dilution of the ore by 
caved waste (Cox, 1967; Janelid, 1968; Just and Free, 1971; Jonsson, 1972; Anon, 1973; 
Anon, 1973a; Mattson and Cox, 1973; Just, 1981; Yenge, 1981; Cokayne, 1982; Kvapil, 1992; 
Kosowan, 1999; Sellden and Pierce, 2004; Zhang, 2004). A major factor influencing this 
dilution is the flow behaviour of the ore and waste material (Janelid and Kvapil, 1966; Janelid, 
1968; Just and Free, 1971; Jonsson, 1972; Sandstrom, 1972; Just, 1981; Yenge, 1981; Kvapil, 
1982; Susaeta, 2004). Despite its importance on SLC performance, the mechanics of gravity 
flow of blasted and caved material is not well understood (Brady and Brown, 2004).  
 
The design of an SLC layout is governed by both the knowledge of material flow behaviour, 
and practical and economical considerations (Cox, 1967). Material flow behaviour is complex 
in nature, being controlled by the interaction of a wide range of factors (Janelid and Kvapil, 
1966; Cox, 1967; Just, 1972; Sandstrom, 1972; Janelid, 1975; Cokayne, 1982; Kvapil, 1982, 
1992; Kosowan, 1999, Bull and Page, 2000; Hustrulid, 2000; Rustan, 2000). Early small and 
full scale experimental results and theoretical calculations were conducted partly to investigate 
the influence of these factors on flow behaviour (Caspar 1960; Finkel and Skalare, 1963; 
Janelid and Kvapil, 1966; Haglund 1968; Free, 1970; Janelid, 1972; McMurray, 1976). These 
factors were related to geometric design considerations (sublevel height, crosscut spacing, 
drive geometry, ring inclination, and ring burden), draw control practises (excavation strategy 
and depth of bucket penetration into the blasted material), and cave and ore material properties 
(friction angle, fragment size, and bulk density). It was clearly demonstrated in the literature 
that these factors had a significant impact on early experimental test results. 
 
Based upon these early results, a number of SLC design guidelines have been presented in the 
literature to relate geometric, material, and draw control parameters to material flow behaviour 
(Kvapil, 1992). These guidelines generally consist of a series of empirical equations relating 
mine design and blasted ore and caved material properties to the width and thickness of an 
extraction ellipsoid (Janelid and Kvapil, 1966; Cox, 1967; Just, 1972; Sandstrom, 1972; 
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Janelid, 1975; Cokayne, 1982; Kvapil, 1982, 1992). Kvapil (1992) concludes that due to the 
complexity of material gravity flow these guidelines should only provide a first approximation 
to determining flow behaviour parameters.  
 
As SLC geometries increased in scale with advances in drilling, blasting, and equipment 
technologies, it became evident that the relative uniform material flow behaviour described by 
earlier authors was not adequate (Sandstrom, 1972; Cullum, 1974; Janelid, 1975; 
Panczakiewicz, 1977; Alford, 1978; Yenge, 1981; Stazhevskii, 1996; Gustafsson, 1998; 
Kosowan, 1999; Rustan, 2000; Clout, 2004; Power, 2004). Results from full scale flow trials in 
modern SLC operations (Gustafsson, 1998; Clout, 2004; Power, 2004) highlighted a change to 
an irregular and asymmetrical shaped extraction zone. This change in material flow behaviour 
led to a reassessment of factors which had a direct impact on flow performance. In addition to 
the traditional geometric, draw control, and material flow properties, an additional set of 
factors related to drill and blast parameters were recognised to have a possible impact on 
observed full scale flow behaviour for modern SLC geometries (Gustafsson, 1998; Power, 
2004).  
 
Drill and blast issues have been identified by a number of authors (Janelid, 1968; Free, 1970; 
Dubynin, 1973; Cullum, 1974; McMurray, 1976; Marklund 1976; Alford, 1978; Heslop and 
Laubscher, 1981; Kvapil, 1982; Stazhevskii, 1996; Gustafsson, 1998; Kosowan, 1999; Bull 
and Page, 2000; Hustrulid, 2000; Rustan, 2000; Quinteiro et al 2001; Trout, 2002; Power, 
2004; Sellden and Pierce, 2004; Trueman, 2004) to have a substantial impact upon SLC 
material flow. These issues relate to both drill and blast design parameters and design 
implementation. Increases in SLC geometry size have meant the development of longer and 
larger diameter blast holes, and improvements in explosive and blasting methods (Stazhevskii, 
1996). This has in turn lead to significant mine cost savings due to decreased development 
costs. This trend is summarised for some of the key mine design parameters for the years 1983 
and 2000 at the LKAB SLC in northern Sweden (Hustrulid, 2000). Over this period of time the 
sublevel interval has more than doubled, blast burden and hole diameter increased by 70 and 
80 percent respectively, and the tonnage per ring increased by a factor of ten. Such changes in 
the drill and blast design would be expected to have an impact on blasted and caved material 
properties, and therefore material flow behaviour. 
 
Dominantly, the literature has made general conclusions concerning the interaction of drill and 
blast parameters and flow behaviour, with respect to the knowledge that blasting has a direct 
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impact on ore and caved flow material properties. A limited number of studies have related 
drill and blast parameters to indirect measures of material flow behaviour, in particular ore 
recovery and dilution (Marklund, 1976; Kosowan, 1999; Quinteiro et al, 2001). To date, no 
detailed analysis of the impact of drill and blast parameters on material flow behaviour in full 
scale SLC operations has been documented in the literature.  
 
1.2 Research Objectives 
The major objective of this research was to identify parameters, in particular drill and blast 
design and implementation parameters, influencing full scale SLC flow behaviour and 
extraction zone recovery. The results from this study would further improve the understanding 
of SLC flow behaviour, identify parameters which have a significant impact on extraction zone 
recovery, and provide direction for future research direction.  
 
1.3 Methodology 
Due to the complexity and uncertainty associated with engineering properties controlling SLC 
material flow behaviour, an empirical approach was adopted for this study. Analytical, 
numerical, and theoretical techniques were employed to study the impact of parameters related 
to drawpoint location, drill and blast design, geology, drawpoint geometry, and draw control 
on full scale SLC material flow and recovery. This study was undertaken using full scale 
marker trial results from the Ridgeway SLC gold mine. These trials are considered to be the 
most comprehensive to date, with 69 individual ring trials completed from July 2002 to April 
2005. 
 
The methods of analysis varied according to the results required and the type of data analysed. 
To identify factors influencing extraction zone recovery, a Self-Organising Map (SOM) neural 
network technique was adopted. SOM is considered an ideal tool for analysing complex 
geological and mining datasets, and for extracting relationships and patterns that typically are 
not evident by other means. Although the SOM methodology provides a rigorous means to 
identify possible correlations between parameters, further data analysis is required to 
understand the nature and characteristics of these relationships.  
 
Correlations identified by the SOM analysis were analysed in two dimensions, and did not 
consider multivariable relationships. Traditional statistical methods were employed to 
investigate and characterise these correlations. For categorical blasting parameters, non-
parametric tests were used to determine if significant statistical differences existed between 
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categorical groups. For continuous blasting parameters, the assumption of a linear correlation 
was made to quantify the strength and significance of such a relationship existing. Based upon 
the statistical analysis a number of possible theories were proposed with regard to the impact 
of blast parameters on extraction zone recovery. Although the correlations analysed do not 
necessarily prove causality, the correlations can be ‘interpreted’ in casual terms to propose a 
number of blast related theories with respect to recovery. To develop these theories, both 
correlations between blasting parameters and extraction zone recovery as well as blast related 
inter-parameter correlations were considered.  
 
To improve the understanding of the impact of blast performance on extraction zone recovery, 
numerical modelling of typical Ridgeway SLC blast designs using the Hybrid Stress Blast 
Model (HSBM) was utilised. The major objectives of the HSBM study were to identify blast 
dynamics which could influence blast performance, and identify areas of fine and coarse 
fragmentation within the blast burden which could impact on material flow behaviour. The 
modelling was divided into four individual blast components investigating complete and 
partial detonation of the blast ring for seven hole and eight hole patterns. Partial detonation 
numerical models were related to the non-detonation of blast holes initiated on the second 
delay interval.  
 
1.4 Thesis Outline 
This thesis can be broadly divided into three components related to the Ridgeway full scale 
SLC marker trial database, analysis of this database with respect to the identification and 
characterisation of correlations between various mine related parameters and extraction zone 
recovery, and the development of an electronic marker system.  
 
Chapter 2 summarises the current understanding of SLC material flow behaviour documented 
in the literature. This chapter highlights the complex interaction of a wide range of parameters 
associated with geometric, material properties, draw control, and drill and blast factors on flow 
behaviour. This chapter provides direction and focus for this thesis by highlighting the current 
limited understanding of the impact of drill and blast parameters on full scale material flow 
behaviour and recovery. 
 
Chapter 3 discusses issues outlined in the literature associated with blasting in an SLC mining 
operation. The literature indicates that SLC flow behaviour is in part dependent upon a number 
of blasted material characteristics relating to the fragmentation and looseness of the flowing 
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material. Guidelines for SLC blast design have been developed through past site experience at 
a number of mine sites. Although these guidelines are useful for preliminary SLC blast design, 
they provide no information concerning the impact of blast design on material flow behaviour. 
 
Chapter 4 outlines the experimental procedure followed for the Ridgeway marker trials, 
methodology for delineating and quantifying the extraction zone, general description of flow 
behaviour related to the extraction zone, and general statistical results of material excavated 
from the ring.  
 
Chapter 5 summarises the analysis undertaken to identify factors that influence extraction zone 
recovery for the Ridgeway marker trial dataset. Factors analysed included parameters related 
to drawpoint location, drill and blast design, geology, drawpoint geometry, and draw control. 
To identify factors influencing extraction zone recovery, a Self-Organising Map (SOM) 
technique was adopted. 
 
Chapter 6 discusses the nature and characteristics of SOM identified blast related correlations 
using traditional statistical methods. The analysis identified statistical differences in recovery 
for various groups within categorical parameters, and determined the likelihood and strength of 
potential linear relationships between continuous blast parameters and recovery. 
 
Chapter 7 discusses the assessment of blast performance for the Ridgeway marker trials, and 
the impact of this performance on flow behaviour and recovery. To improve the understanding 
of the impact of blast performance on extraction zone recovery, numerical modelling of typical 
Ridgeway SLC blast designs using the HSBM was utilised. 
 
Chapter 8 outlines the development of an electronic marker system to supplement existing 
methods of monitoring SLC material flow behaviour. The system combines real time draw 
results associated with current visual assessment techniques at the drawpoint, with high 
recovery results obtained from magnetic separation of markers within the material handling 
process. Such results would provide a reliable insight to the development of the extraction 
zone over time. 
 
Chapter 9 summarises conclusions and provides recommendations for future research 
direction. 
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CHAPTER 2 
 
SUBLEVEL CAVING MATERIAL FLOW 
 
 
The major disadvantage of the SLC mining method is the relatively high dilution of the ore by 
caved waste. A major factor influencing this dilution is the flow behaviour of the ore and waste 
material. For this reason, flow behaviour has been studied and quantified through theoretical, 
small and full scale experimental programs for almost 50 years. These programs have 
attempted to identify parameters which have a significant influence on flow behaviour, and 
therefore ore recovery and dilution results. Parameters directly influencing flow performance 
have been found to include the geometry of the extraction layout and drives, sublevel height, 
blast ring design, material characteristics of the blasted and waste material, and draw control 
methodology. Due to the complex interaction of these parameters with one another, a total 
understanding of the impact of SLC mining on flow behaviour is not fully understood.   
 
 
2.1 Introduction 
SLC is a mass mining method based upon the utilisation of gravity flow of blasted ore and 
caved waste rock (Kvapil, 1992). The method functions on the principle that ore is fragmented 
by blasting, while the overlying host rock fractures and caves under the action of mine induced 
stresses and gravity (Bull and Page, 2000). The caved waste from the overlying rock mass fills 
the void created by ore extraction. The original application of the SLC mining method was in 
soft ground at the Minnesota and Michigan iron ore mines in the early 1900’s (Hustrulid, 
2000). The method was later adapted to stronger ore bodies (requiring blasting) enclosed by 
weaker overlying and wall rock masses. In the past 40 years SLC geometries have increased 
significantly, resulting in increases of scale and extent of industrial application, and decreases 
in production costs (Brady and Brown, 2004). 
 
Current SLC geometries (Figure 2.1) consist of a series of sublevels created at intervals of 
between 20 m and 30 m, beginning at the top of the orebody and working downward 
(Hustrulid, 2000). A number of parallel drives are excavated on each sublevel, with drives 
being offset between sublevels. From each sublevel drive, vertical or near vertical blast hole 
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fans are drilled upward to the overlying sublevel. The burden between blast fans are in the 
order of 2 m to 3 m (Hustrulid, 2000). Beginning typically at the hanging wall, the fans are 
blasted one by one against the front-lying material, consisting of a mixture of ore from 
overlying slices and caved waste. Extraction of the ore from the blasted slice continues until 
total dilution or some other measure reaches a prescribed level (Hustrulid, 2000). The next 
slice is then blasted, and the process continued. 
 
 
Figure 2.1 – Diagrammatic representation of sublevel caving (after Hamrin, 2001) 
 
The major disadvantage of the SLC mining method is the relatively high dilution of the ore by 
caved waste (Cox, 1967; Janelid, 1968; Just and Free, 1971; Jonsson, 1972; Anon, 1973; 
Anon, 1973a; Mattson and Cox, 1973; Just, 1981; Yenge, 1981; Cokayne, 1982; Kvapil, 1992; 
Kosowan, 1999; Sellden and Pierce, 2004; Zhang, 2004). A major factor influencing this 
dilution is the flow behaviour of the ore and waste material (Janelid and Kvapil, 1966; Janelid, 
1968; Just and Free, 1971; Jonsson, 1972; Sandstrom, 1972; Just, 1981; Yenge, 1981; Kvapil, 
1982; Susaeta, 2004). Despite its importance on SLC performance, the mechanics of gravity 
flow of blasted and caved material is not well understood (Brady and Brown, 2004).  
 
Flow behaviour has been investigated on a fundamental level through mathematical modelling 
techniques and small scale experimental studies (Brady and Brown, 2004). These concepts 
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have been validated and further developed with the aid of full scale marker trials in a number 
of SLC operations. This chapter summarises the current understanding in SLC material flow 
behaviour. In particular, results from small and full scale experimental programs will be 
highlighted, with emphasis on design factors which directly impact upon material flow 
behaviour. 
 
2.2 Modelling of SLC Gravity Flow 
Significant research in the gravity flow of material in bins and bunkers have been conducted 
for over 100 years (Yenge, 1981). Over this period of time, a detailed understanding of gravity 
flow in these structures has been achieved. However, the gravity flow process of blasted ore 
and caved waste in SLC mining is much more complicated than that for bins and bunkers 
(Kvapil, 1992). Due to the heterogeneity of coarse materials and a large number of other 
factors and conditions, the gravity flow of material in an SLC operation is a complex process 
(Kvapil, 1992).  
 
Modelling approaches for SLC gravity flow has been developed from theoretical calculations, 
small and full scale tests, and operational observation (Janelid, 1975). Early work concentrated 
on the development of small scale flow experiments and mathematical descriptions of flow 
behaviour. Validation and further development of these models were conducted using full 
scale trials at a number of SLC operations. The development of flow theory has been critical to 
the successful application of the SLC mining method. 
 
The classical theory of gravity flow in SLC mining was developed by Janelid and Kvapil 
(1966), which was based upon the flow of material contained in two dimensional small scale 
bunkers (Kvapil, 1965). The fundamental concept of this theory was the flow ellipsoid 
illustrated in Figure 2.2. The flow ellipsoid was divided into two distinct boundaries – the 
ellipsoid of motion and limit ellipsoid (Figure 2.2). The ellipsoid of motion is the limiting 
boundary which defines the original location of material that has been extracted from the 
outlet. The limit ellipsoid defines the boundary between stationary material and material that 
has moved from its original location at any given point in time as a direct consequence of the 
extracted material. 
 
The shapes defining the ellipsoid of motion and limit ellipsoid have been referred to in a 
number of different ways in the literature. The shape that defines the original location of the 
extracted material has been termed in the past as the ellipsoid of motion, draw ellipse, draw 
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body, draw area, draw envelope, discharge ellipsoid, ellipsoid of draw, or the isolated draw 
zone (Trueman, 2004). For this thesis the term extraction zone has been adopted to define this 
shape. The shape that defines the limit of material that has moved has been termed in the 
literature as the limit ellipsoid, movement ellipse, ellipsoid of movement, movement envelope, 
limit ellipsoid of movement, or the draw zone (Trueman, 2004). For this thesis the term 
movement zone has been adopted to define this shape. 
 
 
Figure 2.2 – Flow ellipsoid concept proposed by Janelid and Kvapil (1966) (after Brady and 
Brown, 2004) 
 
The flow ellipsoid theory developed by Janelid and Kvapil (1966) was one of the first attempts 
to describe material flow mathematically. The theory proposed that the shape of a given 
ellipsoid was described by its eccentricity which is related to the major and minor semi-axes of 
the ellipsoid. The eccentricity of the ellipsoid was dependent upon a number of parameters 
including the size, shape, and form of the particle, surface roughness of particles, angle of 
friction, density, extraction rate, and particle material properties such as strength and moisture 
(Kvapil, 1982). A detailed discussion of the theory is provided by Janelid and Kvapil (1966) 
and Kvapil (1982).  
 
Chapter 2 – Sublevel Caving Material Flow 
 
11 
The theory of ellipsoid flow proposed by Janelid and Kvapil (1966) was independently 
confirmed by Cox (1969) by a small scale flow study at the Mufulira mine. Further validation 
of the theory was achieved from full scale test results from the Grangesberg SLC operation in 
Sweden. These results showed a relatively close fit to those obtained from small scale testing 
(Janelid, 1972). These initial findings resulted in a wide acceptance of the ellipsoid theory 
proposed by Janelid and Kvapil (1966), which is still evident in general mining textbooks 
today (Power, 2004). 
 
A number of authors (Frostrom, 1970; Cullum, 1974; Janelid, 1975; Just, 1981; Yenge, 1981; 
Peters, 1984; Kvapil, 1992; Gustafsson, 1998; Rustan, 2000; Clout, 2004; Hollins and Tucker, 
2004; Power, 2004) have noted that the extraction and movement zones are not a true ellipsoid 
in both small and full scale SLC experiments. In response to these findings a number of 
mathematical methods have been developed to improve model performance, including: 
 
• Bergmark-Roos Theory. This theory is based upon the assumption that gravity flow can 
be described by a constant force on a given particle directed away from the direction of the 
opening, and a gravitational force on this particle. 
• Void Diffusion. This approach uses a method where the flow is modelled as a set of voids 
moving upwards in the material. The material is modelled as a set of cubes which fill the 
volume of interest. 
• Cellular Automata. The volume of material is divided into a large number of cells that 
interact according to partial differential equations describing the physics of the system. In 
this approach, cells contain discrete objects that are categorised by individual ‘state’ 
parameters that evolve dynamically according to the partial differential equations. 
• Elastic-Plastic Approach. A constitutive model, such as the Mohr-Coulomb criterion, is 
used in analytical methods such as finite element or finite difference to calculate the 
velocity, stress, and strain fields in the broken rock. 
• Discrete Element Method. This method involves computing the contact forces and 
resulting Newtonian dynamics of individual particles in an assembly. As a result, the 
distribution of shear and normal forces, rotation, velocity, and displacement are determined 
for each particle. 
 
A detailed discussion and limitations associated with each of these models is summarised by 
Alford (1978), Gustafsson (1998), Rustan (2000), and Sharrock et al (2004). Alford (1978), 
Gustafsson (1998), and Sharrock et al (2004) conclude that the discrete element method has 
Chapter 2 – Sublevel Caving Material Flow 
 
12 
the greatest potential in the future to model SLC flow behaviour, but to date has several 
limitations associated with numerical stability and calculation time. Due to these limitations, a 
number of alternative approaches have recently been adopted for modelling including void 
diffusion (Gustafsson, 1998; Power, 2005), cellular automata (Sharrack et al, 2004), and 
analytical algorithms based on discrete element modelling (Carlson et al, 2004). The key 
motivation for the development of these models has been to simulate the effects of alternative 
geometries and draw strategies on the economic performance of SLC operations (Sharrack et 
al, 2004). 
 
The development of theories and models for SLC gravity flow are important for the ongoing 
success and economic viability of the mining method. In turn, it has been critical that these 
theories and models be validated against small and full scale experimental results. Fortunately, 
a number of small and full scale experiments have been conducted to date, which has allowed 
this validation work to be undertaken.  
 
2.3 Experimental Work Investigating SLC Gravity Flow 
The literature outlines that the development of theories and models for SLC gravity flow have 
been heavily dependent upon results obtained from small and full scale experimental work. 
This experimental work has aimed at understanding both the mechanisms and factors 
influencing material flow behaviour. Generally, the experiments have focused on quantifying 
the impact of various mine design parameters on material flow behaviour and subsequent ore 
recovery and dilution. Without these experiments, the efficient design and operation of SLC 
operations would be difficult, if not impossible (Power, 2004).  
 
2.3.1 Small Scale Experimental Work 
Theoretical calculations and small scale model testing have provided extensive knowledge of 
gravity flow behaviour under known and specific model conditions (Janelid, 1975). Small 
scale experimental work investigating SLC flow behaviour has been ongoing for over 40 years, 
with the first models constructed in Sweden in the early 1960’s. The underlying objectives of 
this work to date have been the identification of parameters and the extent to which these 
parameters influence material flow, and the ability of these results to be inferred to full scale 
production layouts. Model complexity has evolved from early bin models, to models 
incorporating SLC geometry, to models attempting to incorporate blast related material flow 
properties. A detailed discussion of SLC small scale model experiments are summarised in 
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n
at
u
re
.
 
Th
e 
an
gl
e 
o
f r
in
g 
in
cl
in
at
io
n
 
w
as
 
fo
u
n
d 
to
 
ha
v
e 
an
 
im
pa
ct
 
u
po
n
 
flo
w
,
 
w
ith
 
an
 
in
cr
ea
se
 
in
 
in
cl
in
at
io
n
 
to
w
ar
ds
 
th
e 
w
as
te
 
m
at
er
ia
l r
es
u
lti
n
g 
in
 
an
 
in
cr
ea
se
 
in
 
el
lip
so
id
 
ec
ce
n
tr
ic
ity
.
 
 
R
ed
n
el
li 
(19
63
) 
Sm
al
l s
ca
le
 
te
st
s 
w
er
e 
u
n
de
rt
ak
en
 
in
 
o
rd
er
 
to
 
de
sig
n
 
pr
o
du
ct
io
n
 
dr
iv
e 
sp
ac
in
g 
an
d 
dr
ill
in
g 
sy
st
em
 
at
 
th
e 
M
al
m
be
rg
et
 
SL
C 
m
in
e.
 
N
o
 
de
ta
il 
o
f t
he
 
ex
pe
rim
en
ta
l s
et
u
p 
is 
pr
o
v
id
ed
 
by
 
R
ed
n
el
li 
(19
63
). 
Th
e 
sm
al
l s
ca
le
 
te
st
s 
in
di
ca
te
d 
th
at
 
th
e 
an
gl
e 
be
tw
ee
n
 
th
e 
ca
v
ed
 
w
as
te
 
an
d 
o
re
 
w
as
 
70
°
.
 
A
dd
iti
o
n
al
ly
 
it 
w
as
 
o
bs
er
v
ed
 
th
at
 
fin
er
 
m
at
er
ia
l f
ilt
er
ed
 
th
ro
u
gh
 
th
e 
br
o
ke
n
 
o
re
 
fa
st
er
 
th
an
 
co
ar
se
r 
m
at
er
ia
l. 
A
ire
y 
(19
65
) 
Tw
o
 
sm
al
l s
ca
le
 
m
o
de
ls 
w
er
e 
co
n
st
ru
ct
ed
 
at
 
a 
sc
al
e 
o
f 1
:5
0 
to
 
re
pr
es
en
t 
SL
C 
m
in
in
g 
at
 
th
e 
M
u
fu
lir
a 
Co
pp
er
 
M
in
es
.
 
Th
e 
fir
st
 
m
o
de
l r
ep
re
se
n
te
d 
a 
v
er
tic
al
 
co
lu
m
n
 
o
f o
re
 
w
hi
ch
 
co
u
ld
 
be
 
v
ar
ie
d 
fro
m
 
a 
sc
al
ed
-
u
p 
th
ic
kn
es
s 
o
f 
50
 
ft 
to
 
15
0 
ft,
 
w
ith
 
a 
st
rik
e 
le
n
gt
h 
o
f 5
0 
ft.
 
Th
e 
se
co
n
d 
m
o
de
l w
as
 
re
pr
es
en
ta
tiv
e 
o
f a
 
fu
ll 
se
ct
io
n
 
o
f t
he
 
ex
pe
rim
en
ta
l S
LC
 
re
cl
am
at
io
n
 
ar
ea
 
at
 
th
e 
M
u
fu
lir
a 
Co
pp
er
 
M
in
es
.
 
Th
e 
he
ig
ht
 
o
f t
he
 
dr
aw
 
co
lu
m
n
 
v
ar
ie
d 
fro
m
 
a 
sc
al
ed
-
u
p 
di
st
an
ce
 
o
f 1
00
 
ft 
to
 
15
0 
ft,
 
w
ith
 
m
ar
ke
rs
 
be
in
g 
u
se
d 
to
 
st
u
dy
 
m
o
v
em
en
t w
ith
in
 
th
e 
dr
aw
 
co
lu
m
n
.
 
 
Li
m
ite
d 
ex
pe
rim
en
ta
l r
es
u
lts
 
ar
e 
o
u
tli
n
ed
 
by
 
A
ire
y 
(19
65
). S
ev
er
al
 
ru
n
s 
o
f 
th
e 
fir
st
 
m
o
de
l i
n
di
ca
te
d 
th
at
 
th
e 
‘
co
n
e 
o
f m
o
v
em
en
t’
 
su
bt
en
de
d 
an
 
an
gl
e 
o
f 7
0º
 
(i.
e.
 
20
º
 
fro
m
 
th
e 
v
er
tic
al
). T
he
 
se
co
n
d 
m
o
de
l w
as
 
co
n
sid
er
ed
 
m
o
st
 
u
se
fu
l f
o
r 
th
e 
in
st
ru
ct
io
n
 
o
f u
n
de
rg
ro
u
n
d 
pe
rs
o
n
n
el
 
in
 
SL
C 
m
in
in
g 
o
f t
he
 
ex
pe
rim
en
ta
l r
ec
la
m
at
io
n
 
ar
ea
.
 
 
 
 
Ch
a
pt
e
r 
2 
–
 
Su
bl
e
ve
l C
a
vi
n
g 
M
a
te
ria
l F
lo
w
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Ta
bl
e 
2.
1 
(co
n
t.)
 
–
 
Su
m
m
ar
y 
o
f s
m
al
l s
ca
le
 
e
x
pe
rim
en
ta
l w
o
rk
 
in
v
es
tig
at
in
g 
SL
C 
m
at
er
ia
l f
lo
w
 
A
u
th
o
rs
 
Ex
pe
ri
m
en
ta
l S
et
u
p 
Ex
pe
ri
m
en
ta
l R
es
u
lts
 
H
ag
lu
n
d 
(19
68
) 
A
 
lim
ite
d 
de
sc
rip
tio
n
 
o
f s
m
al
l s
ca
le
 
ex
pe
rim
en
ts
 
co
n
du
ct
ed
 
to
 
th
at
 
da
te
 
by
 
Sw
ed
ish
 
SL
C 
o
pe
ra
tio
n
s 
is 
pr
o
v
id
ed
 
by
 
H
ag
lu
n
d 
(19
68
). F
o
r 
th
e 
M
al
m
be
rg
et
 
an
d 
Fo
sd
al
en
 
SL
C 
o
pe
ra
tio
n
s 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
w
er
e 
u
n
de
rt
ak
en
 
to
 
m
o
de
l m
at
er
ia
l f
lo
w
 
be
ha
v
io
u
r 
o
v
er
 
4 
to
 
5 
ex
tr
ac
tio
n
 
le
v
el
s.
 
A
dd
iti
o
n
al
ly
,
 
th
e 
im
pa
ct
 
o
f 1
:1
0,
 
1:
50
,
 
an
d 
1:
10
0 
sc
al
ed
 
m
o
de
ls 
o
n
 
flo
w
 
be
ha
v
io
u
r 
w
er
e 
di
sc
u
ss
ed
.
 
N
o
 
de
ta
il 
o
f t
he
 
re
su
lts
 
o
f t
he
 
M
al
m
be
rg
et
 
an
d 
Fo
sd
al
en
 
SL
C 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
ar
e 
pr
o
v
id
ed
.
 
Th
e 
re
su
lts
 
o
f t
he
 
v
ar
io
u
s 
sc
al
ed
 
m
o
de
ls 
in
di
ca
te
d 
di
ffe
re
n
t r
es
u
lts
 
fo
r 
th
e 
1:
10
,
 
1:
50
,
 
an
d 
1:
10
0 
sc
al
es
.
 
Fo
r 
in
st
an
ce
,
 
th
e 
m
ea
su
re
m
en
t o
f o
n
e 
pa
rt
ic
u
la
r 
pa
ra
m
et
er
 
in
di
ca
te
d 
a 
sc
al
ed
 
-
u
p 
di
st
an
ce
 
o
f 3
.
0 
m
 
fo
r 
a 
1:
10
 
sc
al
e,
 
2.
8 
m
 
fo
r 
a 
1:
50
 
sc
al
e,
 
an
d 
2.
6 
m
 
fo
r 
a 
1:
10
0 
sc
al
e.
 
H
o
w
ev
er
,
 
o
n
ly
 
o
n
e 
te
st
 
at
 
ea
ch
 
sc
al
e 
w
as
 
ca
rr
ie
d 
o
u
t, 
an
d 
th
e 
di
sp
er
sio
n
 
o
f e
x
pe
rim
en
ta
l r
es
u
lts
 
w
as
 
n
o
t d
et
er
m
in
ed
.
 
Th
er
e 
w
as
 
o
n
ly
 
a 
13
 
pe
rc
en
t d
iff
er
en
ce
 
be
tw
ee
n
 
th
e 
la
rg
es
t a
n
d 
sm
al
le
st
 
v
al
u
e 
in
 
th
e 
ab
o
v
e 
re
su
lts
 
(T
ru
em
an
,
 
20
06
) a
n
d 
di
ffe
re
n
ce
s 
in
 
ex
pe
rim
en
ta
l r
es
u
lts
 
o
f u
p 
to
 
15
 
pe
rc
en
t f
o
r 
th
e 
sa
m
e 
te
st
 
ha
s 
be
en
 
re
po
rt
ed
 
by
 
H
al
im
 
(20
06
). 
Fr
ee
 
(19
70
) 
Tw
o
 
sm
al
l s
ca
le
 
m
o
de
ls 
w
er
e 
co
n
st
ru
ct
ed
 
re
pr
es
en
tin
g 
a 
tw
o
 
di
m
en
sio
n
al
 
tr
an
sv
er
se
 
an
d 
lo
n
gi
tu
di
n
al
 
se
ct
io
n
 
o
f a
 
bl
as
t r
in
g 
re
sp
ec
tiv
el
y.
 
Th
e 
m
o
de
ls 
w
er
e 
co
n
st
ru
ct
ed
 
fro
m
 
pe
rs
pe
x
 
sh
ee
ts
,
 
tim
be
r 
m
o
u
ld
in
g,
 
an
d 
al
u
m
in
iu
m
 
ch
an
n
el
lin
g.
 
Sp
he
ric
al
 
gl
as
s 
be
ad
s 
an
d 
fin
el
y 
cr
u
sh
ed
 
ro
ck
 
w
er
e 
u
se
d 
as
 
th
e 
m
at
er
ia
ls 
ty
pe
s 
te
st
ed
 
w
ith
in
 
th
e 
m
o
de
l. 
M
ar
ke
rs
 
w
er
e 
co
lo
u
re
d,
 
8 
m
m
 
gl
as
s 
be
ad
s 
ea
ch
 
w
ith
 
a 
u
n
iq
u
e 
id
en
tif
ic
at
io
n
 
n
u
m
be
r.
 
N
o
 
in
fo
rm
at
io
n
 
co
n
ce
rn
in
g 
th
e 
sc
al
e 
o
f t
he
 
m
o
de
l i
s 
pr
o
v
id
ed
 
by
 
Fr
ee
 
(19
70
). 
Th
e 
re
su
lts
 
o
f t
he
 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
w
er
e 
re
la
te
d 
to
 
a 
n
u
m
be
r 
o
f 
SL
C 
de
sig
n
 
pa
ra
m
et
er
s 
in
cl
u
di
n
g 
ex
tr
ac
tio
n
 
he
ad
in
g 
w
id
th
,
 
su
bl
ev
el
 
in
te
rv
al
,
 
he
ig
ht
 
o
f d
ra
w
,
 
ec
ce
n
tr
ic
ity
 
o
f e
lli
ps
o
id
,
 
ex
tr
ac
tio
n
 
he
ad
in
g 
sp
ac
in
g,
 
ex
tr
ac
tio
n
 
he
ad
in
g 
he
ig
ht
,
 
rin
g 
gr
ad
ie
n
t, 
an
d 
rin
g 
bu
rd
en
.
 
B
as
ed
 
u
po
n
 
th
es
e 
ex
pe
rim
en
ts
,
 
a 
n
u
m
be
r 
o
f S
LC
 
de
sig
n
 
gu
id
el
in
es
 
w
er
e 
pr
o
v
id
ed
 
by
 
Fr
ee
 
(19
70
).  
Ja
n
el
id
 
(19
72
) 
Sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
co
n
du
ct
ed
 
by
 
K
TH
 
to
 
in
v
es
tig
at
e 
th
e 
im
pa
ct
 
o
f 
v
ar
io
u
s 
SL
C 
pa
ra
m
et
er
s 
o
n
 
flo
w
 
be
ha
v
io
u
r,
 
an
d 
th
e 
in
flu
en
ce
 
o
f t
he
 
sc
al
in
g-
u
p 
fa
ct
o
r 
fro
m
 
m
o
de
l t
o
 
fu
ll 
sc
al
e 
ex
pe
rim
en
ts
.
 
Th
e 
sm
al
l s
ca
le
 
m
o
de
l w
as
 
bu
ilt
 
to
 
a 
1:
20
 
sc
al
e 
o
f t
he
 
fu
ll 
sc
al
e 
ex
pe
rim
en
ta
l a
re
a 
at
 
th
e 
G
ra
n
ge
sb
er
g 
m
in
e.
 
Th
e 
w
al
ls 
o
f t
he
 
m
o
de
l w
er
e 
m
ad
e 
o
f 2
0 
m
m
 
th
ic
k 
la
m
in
at
ed
 
w
o
o
d 
in
 
a 
fra
m
e 
o
f s
te
el
 
be
am
s,
 
w
ith
 
th
e 
u
pp
er
 
fro
n
t p
ar
t 
co
n
sis
tin
g 
o
f p
le
x
ig
la
ss
.
 
D
u
rin
g 
th
e 
fil
lin
g 
o
f t
he
 
m
o
de
l w
ith
 
ro
ck
,
 
n
u
m
be
re
d 
m
ar
ke
rs
 
w
er
e 
th
re
ad
ed
 
o
n
 
st
iff
 
st
ee
l w
ire
s,
 
w
hi
ch
 
w
er
e 
re
m
o
v
ed
 
la
te
r 
to
 
fix
 
th
e 
m
ar
ke
rs
 
w
ith
in
 
th
e 
o
re
.
 
A
 
co
m
pa
ris
o
n
 
be
tw
ee
n
 
th
e 
m
o
de
l a
n
d 
fu
ll 
sc
al
e 
ex
pe
rim
en
ts
 
sh
o
w
ed
 
th
at
 
th
e 
sh
ap
es
 
o
f t
he
 
‘
v
o
lu
m
e 
o
f m
o
tio
n
’
 
ar
e 
so
m
ew
ha
t d
iff
er
en
t. 
In
 
th
e 
sm
al
l 
sc
al
e 
te
st
s,
 
th
e 
v
o
lu
m
e 
o
f m
o
tio
n
 
w
as
 
m
o
re
 
n
ar
ro
w
,
 
hi
gh
er
,
 
an
d 
ev
en
ly
 
sh
ap
ed
 
w
he
n
 
co
m
pa
re
d 
to
 
th
e 
fu
ll 
sc
al
e 
re
su
lts
.
 
A
lth
o
u
gh
 
di
ffe
re
n
ce
s 
ex
ist
ed
 
be
tw
ee
n
 
th
e 
sm
al
l a
n
d 
fu
ll 
sc
al
e 
ex
pe
rim
en
ta
l r
es
u
lts
,
 
it 
w
as
 
co
n
cl
u
de
d 
by
 
Ja
n
el
id
 
(19
72
) t
ha
t s
m
al
l s
ca
le
 
ex
pe
rim
en
ts
 
pr
o
v
id
e 
in
fo
rm
at
io
n
 
co
n
ce
rn
in
g 
th
e 
im
pa
ct
 
o
f S
LC
 
de
sig
n
 
pa
ra
m
et
er
s 
o
n
 
flo
w
 
be
ha
v
io
u
r.
 
 
Ch
a
pt
e
r 
2 
–
 
Su
bl
e
ve
l C
a
vi
n
g 
M
a
te
ria
l F
lo
w
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Ta
bl
e 
2.
1 
(co
n
t.)
 
–
 
Su
m
m
ar
y 
o
f s
m
al
l s
ca
le
 
e
x
pe
rim
en
ta
l w
o
rk
 
in
v
es
tig
at
in
g 
SL
C 
m
at
er
ia
l f
lo
w
 
A
u
th
o
rs
 
Ex
pe
ri
m
en
ta
l S
et
u
p 
Ex
pe
ri
m
en
ta
l R
es
u
lts
 
Cu
llu
m
 
(19
74
) 
Sm
al
l s
ca
le
 
bi
n
 
ex
pe
rim
en
ts
 
(d
im
en
sio
n
s 
61
0 
m
m
 
x
 
41
0 
m
m
 
x
 
91
0 
m
m
) 
w
er
e 
u
n
de
rt
ak
en
 
to
 
in
v
es
tig
at
e 
SL
C 
flo
w
 
sh
ap
e.
 
Th
e 
m
o
de
l w
as
 
co
n
st
ru
ct
ed
 
w
ith
 
pl
yw
o
o
d,
 
w
ith
 
th
e 
in
sid
e 
su
rfa
ce
s 
be
in
g 
co
at
ed
 
w
ith
 
sa
n
d.
 
D
iff
er
en
t c
o
lo
u
r 
m
ar
ke
rs
 
w
er
e 
u
se
d 
fo
r 
di
ffe
re
n
t l
ay
er
s 
w
ith
in
 
th
e 
o
re
 
m
at
er
ia
l. 
Th
e 
m
at
er
ia
l t
yp
es
 
se
le
ct
ed
 
fo
r 
th
e 
te
st
s 
in
cl
u
de
d 
se
v
er
al
 
di
ffe
re
n
t 
siz
es
 
o
f g
ra
n
ite
 
an
d 
o
n
e 
o
f m
ag
n
et
ite
.
 
A
s 
w
ith
 
pr
ev
io
u
s 
te
st
 
w
o
rk
,
 
th
es
e 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
th
e 
dr
aw
 
el
lip
so
id
 
w
as
 
es
se
n
tia
lly
 
el
lip
so
id
 
in
 
sh
ap
e,
 
w
ith
 
a 
de
fin
ite
 
di
v
id
in
g 
la
ye
r 
be
tw
ee
n
 
m
at
er
ia
l a
t r
es
t a
n
d 
th
at
 
in
 
m
o
tio
n
 
(ap
pr
o
x
im
at
el
y 
80
º
 
fro
m
 
th
e 
ho
riz
o
n
ta
l).
 
Ja
n
el
id
 
(19
74
) 
A
 
se
rie
s 
o
f s
m
al
l s
ca
le
 
ex
pe
rim
en
ts
 
w
er
e 
co
n
du
ct
ed
 
by
 
K
TH
 
to
 
in
v
es
tig
at
e 
th
e 
in
flu
en
ce
 
o
f a
 
di
pp
in
g 
ha
n
gi
n
g 
an
d 
fo
o
tw
al
l, 
‘
SL
C’
 
v
er
su
s 
fro
n
t 
ca
v
in
g,
 
an
d 
th
e 
in
flu
en
ce
 
o
f v
ib
ra
tio
n
al
 
lo
ad
in
g 
o
n
 
flo
w
 
be
ha
v
io
u
r.
 
Fo
r 
th
e 
di
pp
in
g 
ha
n
gi
n
g 
an
d 
fo
o
tw
al
l e
x
pe
rim
en
ts
,
 
th
e 
di
m
en
sio
n
s 
o
f t
he
 
m
o
de
l 
w
er
e 
57
0 
m
m
 
x
 
54
5 
m
m
 
x
 
10
5 
m
m
.
 
Th
e 
sc
al
e 
o
f t
he
 
‘
SL
C’
 
v
er
su
s 
fro
n
t 
ca
v
in
g 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
w
er
e 
1:
40
 
o
f t
he
 
fu
ll 
sc
al
e 
di
m
en
sio
n
s.
 
R
es
u
lts
 
o
f t
he
 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
th
e 
flo
w
 
re
gi
o
n
 
be
co
m
es
 
br
o
ad
er
 
in
 
th
e 
v
ic
in
ity
 
o
f a
 
di
pp
in
g 
ha
n
gi
n
g 
an
d 
fo
o
tw
al
l, 
as
 
w
el
l a
s 
fo
r 
v
ib
ra
tio
n
al
 
lo
ad
in
g.
 
Fr
o
n
t c
av
in
g 
w
as
 
fo
u
n
d 
to
 
pr
o
v
id
e 
im
pr
o
v
ed
 
o
re
 
re
co
v
er
y 
an
d 
lo
w
er
 
di
lu
tio
n
 
w
he
n
 
co
m
pa
re
d 
to
 
tr
ad
iti
o
n
al
 
‘
SL
C’
 
m
in
in
g 
m
et
ho
ds
 
at
 
th
e 
tim
e 
o
f t
he
 
ex
pe
rim
en
ts
.
 
 
M
cM
u
rr
ay
 
(19
76
) 
A
 
n
u
m
be
r 
o
f s
m
al
l s
ca
le
 
ex
pe
rim
en
ts
 
ar
e 
re
po
rt
ed
 
to
 
ha
v
e 
be
en
 
u
n
de
rt
ak
en
 
fo
r 
th
e 
Sh
ab
an
ie
 
m
in
e 
to
 
in
v
es
tig
at
e 
th
e 
im
pa
ct
 
o
f r
in
g 
in
cl
in
at
io
n
 
an
d 
bu
rd
en
,
 
ex
ca
v
at
io
n
 
sh
o
v
el
 
siz
e,
 
an
d 
di
gg
in
g 
de
pt
h 
o
n
 
flo
w
 
ch
ar
ac
te
ris
tic
s.
 
N
o
 
de
ta
ils
 
o
f t
he
 
m
o
de
l d
im
en
sio
n
s 
ar
e 
pr
o
v
id
ed
 
by
 
M
cM
u
rr
ay
 
(19
76
). 
Li
ttl
e 
de
ta
il 
co
n
ce
rn
in
g 
th
e 
re
su
lts
 
o
f t
he
 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
ar
e 
pr
o
v
id
ed
 
by
 
M
cM
u
rr
ay
 
(19
76
). I
t i
s 
ho
w
ev
er
 
co
n
cl
u
de
d 
th
at
 
a 
rin
g 
in
cl
in
at
io
n
 
to
w
ar
ds
 
th
e 
ca
v
ed
 
m
at
er
ia
l h
ad
 
an
 
ad
v
an
ta
ge
o
u
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Early small scale models provided an initial insight into the interaction of parameters such as 
sublevel height, drive spacing, ring burden and inclination, production drive dimensions and 
shape, fragmentation size, and excavation techniques on material flow behaviour (Caspar, 
1960; Finkel and Skalare 1963; Rednelli 1963; Airey 1965; Free, 1970; Janelid, 1972). These 
models were generally two dimensional in nature, with the extraction and movement zones 
being monitored through Perspex glass. As discussed in Section 2.2, the results from these 
early experiments indicated that the extraction and movement zones were ellipsoid in nature.  
 
A major limitation of this early work was the significant difference between material 
properties produced by SLC blasting in contrast to those ‘fabricated’ in model experiments 
(Sandstrom, 1972; Cullum, 1974; Janelid, 1975; Panczakiewicz, 1977; Alford, 1978; Yenge, 
1981; Stazhevskii, 1996; Gustafsson, 1998; Kosowan, 1999). These material properties 
included the fragmentation distribution, bulk density or degree of compaction of the ore and 
waste material, friction and cohesion properties, and stress distribution within the material. To 
address some of these issues a number of small scale experiments were conducted by 
Panczakiewicz (1977), Yenge (1981), Stazhevskii (1996), and Kosowan (1999). Of particular 
note are those summarised by Panczakiewicz (1977) and Stazhevskii (1996), who both 
attempted to investigate the impact of material bulk density and fragmentation distribution on 
flow behaviour. 
 
Panczakiewicz (1977) constructed both two and three dimensional small scale models to 
investigate various SLC geometries for the Mount Isa mine in Australia. Material 
fragmentation was subdivided into uniform and well graded (representative of the 
fragmentation distribution observed at the mine) distributions. Three different categories of 
compaction (uncompacted, light, and heavy) were applied to the materials to obtain a ‘rough’ 
simulation of the bulk density contrasts between the blasted ore and overlying waste. It was 
noted that arching occurred for compacted materials, leading to significant changes in flow 
behaviour, or in extreme cases a complete halt of flow above the arch. This work was an 
important step forward, as it provided the first attempts at incorporating complex material 
properties encountered in full scale SLC rings in small scale models.  
 
A detailed small scale investigation of the influence of material bulk density, fragmentation 
distribution, and fragmentation oversize is summarised by Stazhevskii (1996). These 
experiments were a direct attempt to model the inhomogeneous nature of blasted rock material 
in an SLC operation. No detailed discussions of model geometry, setup, or procedure were 
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provided by Stazhevskii (1996). It was noted that both material bulk density and the presence 
of oversize material had a significant influence on material flow behaviour and the ingress of 
waste material into the extraction zone. Based upon the modelling results, it was concluded 
that under mining conditions a strictly symmetric flow pattern must be the exception rather 
than the rule.  
 
An interesting aspect of the work summarised by Stazhevskii (1996) was the modelling of a 
‘slot’ or void created during the blasting process. This theory was first proposed by Markenzon 
(1967), who concluded that a slot was formed as the burden moved forward and compressed 
the caved material during the blasting process (Figure 2.3a). From small scale modelling 
results, Stazhevskii (1996) concluded that the material above the blasted burden could then 
enter the newly formed slot (Figure 2.3b) resulting in a layer of broken material that was non-
uniform in composition and density, with indeterminate thickness and boundaries. Such a layer 
of material would result in waste dilution at an early stage of excavation, and possible ore 
‘pulsating’ as observed at a number of SLC operations. Gustafsson (1998) discounts this 
theory, and provides several reasons associated with blast dynamics and full scale observations 
of waste rock ingress, for this conclusion. 
 
 
Figure 2.3 – The influence of a blast created ‘slot’ on waste ingress for an SLC ring (after 
Stazhevskii, 1996) 
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Small scale experiments investigating material flow behaviour have evolved from simple bin 
models to relatively complex models incorporating SLC geometry and ‘realistic’ material 
parameters. A number of limitations associated with small scale models have been discussed in 
the literature relating to issues of similitude (Free, 1970; Sandstrom, 1972; Alford, 1978; 
Gustafsson, 1998; Power, 2004), model design (Gustafsson, 1998), and ore and waste material 
properties (Sandstrom, 1972; Cullum, 1974; Janelid, 1975; Panczakiewicz, 1977; Alford, 
1978; Yenge, 1981; Stazhevskii, 1996; Gustafsson, 1998; Kosowan, 1999; Hustrulid, 2000). 
Although these limitations exist it can be concluded that small scale experimental results have 
provided quantitative and qualitative results that have been usable for the design and operation 
of SLC mines (Sandstrom, 1972). Due to the importance of material properties on flow 
behaviour, Rustan (2000) concludes that the future direction of SLC small scale modelling 
should incorporate blasting. By incorporating small scale blasting Rustan (2000) concludes 
that a number of phenomena observed in full scale experiments could be studied. However, a 
number of limitations associated with the use of small scale blast models are discussed in 
Chapter 3. 
 
2.3.2 Full Scale Experimental Work 
Results from full scale experiments investigating material flow behaviour have been critical for 
the further development, assessment, and validation of numeric and small scale models. Full 
scale experiments have been undertaken at a number of SLC operations for over 40 years. 
These experiments have generally used markers (plastic or metal) installed in the blast burden, 
and recovered visually at the drawpoint or within the material handling process (usually by 
magnetic separation). Results from these experiments have provided details concerning the 
development and final shape of the extraction zone, but no details relating to the movement 
zone. A summary of significant full scale experiments described in the literature to date are 
outlined in Table 2.2. 
 
The first significant marker trials undertaken were at the Grangesberg SLC operation between 
1969 and 1970 (Janelid, 1972). Over 14,000 plastic markers were used for these trials, with 
approximately 70 percent of markers recovered visually at the drawpoints. Marker density was 
high (five marker ring planes in a 1.5 m burden) but restricted to the top half of the blasted ring 
(markers installed in downholes from the level above). Sublevel geometry was approximately 
half the size of modern ones, with a 13 m and 7 m sublevel height and drive spacing 
respectively. Additional parameters including fragmentation distribution, hang-up frequency, 
visual estimates of percentage waste rock, and LHD bucket weights were also noted.  
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er
 
an
d 
le
n
gt
h 
o
f 3
0 
m
m
 
an
d 
0.
3 
m
 
re
sp
ec
tiv
el
y) 
w
ith
 
u
n
iq
u
e 
id
en
tif
ic
at
io
n
 
n
u
m
be
rs
 
w
er
e 
u
se
d 
as
 
m
ar
ke
rs
,
 
w
ith
 
a 
to
ta
l o
f 
14
65
0 
m
ar
ke
rs
 
be
in
g 
u
se
d 
w
ith
in
 
th
e 
tr
ia
l a
re
a.
 
A
 
to
ta
l o
f 1
2 
bu
rd
en
s 
w
er
e 
m
o
n
ito
re
d,
 
w
ith
 
n
in
e 
bu
rd
en
s 
bl
as
te
d 
as
 
a 
sin
gl
e 
rin
g 
(1.
5 
m
 
bu
rd
en
) a
n
d 
th
re
e 
bu
rd
en
s 
bl
as
te
d 
as
 
a 
do
u
bl
e 
rin
g 
(2 
x
 
1.
5 
m
). M
ar
ke
r 
re
co
v
er
y 
w
as
 
by
 
v
isu
al
 
m
ea
n
s,
 
w
ith
 
ap
pr
o
x
im
at
el
y 
70
 
pe
rc
en
t o
f m
ar
ke
rs
 
be
in
g 
re
co
v
er
ed
.
 
Cl
ea
r 
co
rr
el
at
io
n
s 
w
er
e 
o
bs
er
v
ed
 
be
tw
ee
n
 
th
e 
sh
ap
e 
o
f t
he
 
v
o
lu
m
e 
o
f 
m
o
tio
n
 
an
d 
di
st
u
rb
an
ce
s 
w
hi
ch
 
w
er
e 
o
bs
er
v
ed
 
(i.
e.
 
ha
n
g-
u
ps
,
 
bo
u
ld
er
s,
 
u
n
sy
m
m
et
ric
al
 
dr
aw
 
et
c.
). T
he
 
ap
ex
 
o
f t
he
 
v
o
lu
m
e 
o
f m
o
tio
n
 
w
as
 
fo
u
n
d 
to
 
be
 
sit
u
at
ed
 
at
 
a 
di
st
an
ce
 
o
f a
pp
ro
x
im
at
el
y 
0.
5 
m
 
fro
m
 
th
e 
m
in
in
g 
fro
n
t, 
in
de
pe
n
de
n
t o
f w
he
th
er
 
th
e 
bl
as
tin
g 
w
as
 
do
n
e 
w
ith
 
a 
sin
gl
e 
o
r 
do
u
bl
e 
bu
rd
en
.
 
M
ax
im
u
m
 
w
id
th
 
an
d 
de
pt
h 
o
f t
he
 
v
o
lu
m
e 
o
f m
o
tio
n
 
w
as
 
n
o
te
d 
to
 
be
 
at
 
th
e 
sa
m
e 
he
ig
ht
 
ab
o
v
e 
th
e 
su
bl
ev
el
.
 
It 
w
as
 
fu
rt
he
r 
o
bs
er
v
ed
 
th
at
 
th
e 
v
o
lu
m
e 
o
f m
o
tio
n
 
to
o
k 
o
n
 
an
 
in
v
er
te
d 
‘
dr
o
p-
sh
ap
e’
 
at
 
60
 
pe
rc
en
t t
o
 
70
 
pe
rc
en
t d
ra
w
.
 
 
G
u
st
af
ss
o
n
 
(19
98
) 
G
u
st
af
ss
o
n
 
(19
98
) d
es
cr
ib
es
 
tw
o
 
fu
ll 
sc
al
e 
tr
ia
ls 
u
n
de
rt
ak
en
 
at
 
th
e 
G
ra
n
ge
sb
er
g 
SL
C 
o
pe
ra
tio
n
 
in
 
19
75
.
 
Th
es
e 
tr
ia
ls 
w
er
e 
sm
al
l c
o
m
pa
re
d 
to
 
th
e 
o
n
e 
u
n
de
rt
ak
en
 
at
 
th
e 
m
in
e 
be
tw
ee
n
 
19
69
 
an
d 
19
70
 
(Ja
n
el
id
,
 
19
72
). 
Th
e 
fir
st
 
tr
ia
l c
o
n
sis
te
d 
o
f 1
00
 
pl
as
tic
 
tu
be
 
m
ar
ke
rs
 
(1 
m
 
le
n
gt
h 
an
d 
25
 
m
m
 
di
am
et
er
) a
n
d 
50
 
pa
in
te
d 
ca
r 
ty
re
s,
 
pl
ac
ed
 
u
po
n
 
th
e 
flo
o
r 
o
f a
 
pr
o
du
ct
io
n
 
dr
iv
e 
(i.
e.
 
al
o
n
g 
th
e 
le
n
gt
h 
o
f o
n
e 
dr
iv
e).
 
Th
e 
se
co
n
d 
tr
ia
l c
o
n
sis
te
d 
o
f 1
60
 
pl
as
tic
 
m
ar
ke
rs
 
pl
ac
ed
 
in
 
ho
riz
o
n
ta
l d
ril
l h
o
le
s 
in
 
th
e 
pi
lla
rs
 
be
tw
ee
n
 
pr
o
du
ct
io
n
 
dr
iv
es
.
 
 
Li
ttl
e 
u
se
fu
l i
n
fo
rm
at
io
n
 
w
as
 
o
bt
ai
n
ed
 
fro
m
 
th
e 
fu
ll 
sc
al
e 
tr
ia
ls.
 
Fo
r 
th
e 
fir
st
 
tr
ia
l, 
21
 
m
ar
ke
rs
 
w
er
e 
re
co
v
er
ed
 
in
 
th
e 
pr
o
ce
ed
in
g 
le
v
el
s 
m
in
ed
.
 
M
ar
ke
r 
re
co
v
er
y 
fo
r 
th
e 
se
co
n
d 
tr
ia
l w
as
 
53
,
 
w
ith
 
47
 
fo
u
n
d 
o
n
 
th
e 
le
v
el
 
di
re
ct
ly
 
be
lo
w
 
th
e 
pi
lla
r 
an
d 
6 
in
 
th
e 
pr
o
ce
ed
in
g 
le
v
el
.
 
 
Ch
a
pt
e
r 
2 
–
 
Su
bl
e
ve
l C
a
vi
n
g 
M
a
te
ria
l F
lo
w
 
21
 
Ta
bl
e 
2.
2 
(co
n
t.)
 
–
 
Su
m
m
ar
y 
o
f f
u
ll 
sc
al
e 
e
x
pe
rim
e
n
ta
l w
o
rk
 
in
v
es
tig
at
in
g 
SL
C 
m
at
er
ia
l f
lo
w
 
A
u
th
o
rs
 
Ex
pe
ri
m
en
ta
l S
et
u
p 
Ex
pe
ri
m
en
ta
l R
es
u
lts
 
G
u
st
af
ss
o
n
 
(19
98
) 
A
 
se
rie
s 
o
f f
u
ll 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
co
n
du
ct
ed
 
in
 
Ch
in
a 
fro
m
 
19
75
 
to
 
19
85
 
(su
m
m
ar
ise
d 
by
 
G
u
st
af
ss
o
n
,
 
19
98
). T
he
 
fir
st
 
o
f t
he
se
 
tr
ia
ls 
w
er
e 
co
n
du
ct
ed
 
in
 
th
e 
Ch
en
gc
ha
o
 
iro
n
 
o
re
 
m
in
e 
in
 
19
75
.
 
Fo
u
r 
m
ar
ke
r 
rin
gs
 
w
ith
in
 
ea
ch
 
bl
as
t b
u
rd
en
 
w
er
e 
dr
ill
ed
,
 
w
ith
 
se
v
en
 
ho
le
s 
co
n
ta
in
ed
 
w
ith
in
 
ea
ch
 
m
ar
ke
r 
rin
g.
 
D
et
ai
ls 
o
f t
he
 
ty
pe
 
an
d 
n
u
m
be
r 
o
f m
ar
ke
rs
 
w
er
e 
n
o
t 
pr
o
v
id
ed
.
 
To
n
n
ag
e 
da
ta
 
an
d 
m
ar
ke
r 
pr
e-
bl
as
t p
o
sit
io
n
s 
w
er
e 
u
se
d 
to
 
de
fin
e 
el
lip
so
id
s 
w
hi
ch
 
ga
v
e 
th
e 
be
st
 
fit
 
to
 
th
e 
dr
aw
 
da
ta
.
 
Th
e 
se
co
n
d 
se
rie
s 
o
f m
ar
ke
r 
tr
ia
ls 
co
n
du
ct
ed
 
in
 
Ch
in
a 
w
er
e 
at
 
th
e 
Lo
n
gt
an
 
iro
n
 
o
re
 
m
in
e 
in
 
19
76
 
to
 
19
77
.
 
In
 
th
e 
ex
pe
rim
en
ta
l a
re
a,
 
th
e 
dr
iv
e 
di
m
en
sio
n
s 
w
er
e 
3.
3 
m
 
w
id
e 
an
d 
3.
2 
m
 
hi
gh
,
 
w
ith
 
rin
g 
he
ig
ht
s 
o
f 5
0 
m
 
(ov
er
 
tw
o
 
su
bl
ev
el
s).
 
R
in
g 
du
m
p 
an
gl
e 
an
d 
bu
rd
en
 
w
er
e 
90
º
 
(ve
rt
ic
al
) a
n
d 
an
d 
ap
pr
o
x
im
at
el
y 
1 
m
 
re
sp
ec
tiv
el
y,
 
w
ith
 
ei
gh
t r
in
gs
 
be
in
g 
fir
ed
 
sim
u
lta
n
eo
u
sly
 
(to
ta
l b
u
rd
en
 
8.
4 
m
). 
A
 
to
ta
l o
f 3
52
0 
m
ar
ke
rs
 
w
er
e 
pl
ac
ed
 
in
 
17
7 
m
ar
ke
r 
ho
le
s 
w
ith
in
 
th
e 
ex
pe
rim
en
ta
l a
re
a.
 
M
ar
ke
rs
 
w
er
e 
ei
th
er
 
co
n
st
ru
ct
ed
 
fro
m
 
45
 
m
m
 
to
 
55
 
m
m
 
di
am
et
er
 
w
o
o
d 
fil
le
d 
pl
as
tic
 
tu
be
,
 
o
r 
25
 
m
m
 
to
 
50
 
m
m
 
di
am
et
er
 
v
en
til
at
io
n
 
pi
pe
.
 
M
ar
ke
r 
rin
gs
 
co
n
sis
te
d 
o
f 9
 
to
 
12
 
ho
le
s 
dr
ill
ed
 
fro
m
 
th
e 
lo
w
er
 
su
bl
ev
el
 
an
d 
18
 
to
 
19
 
ho
le
s 
fro
m
 
th
e 
hi
gh
er
 
su
bl
ev
el
,
 
w
ith
 
ea
ch
 
ho
le
 
co
n
ta
in
in
g 
4,
 
8,
 
o
r 
12
 
m
ar
ke
rs
.
 
M
ar
ke
rs
 
w
er
e 
se
pa
ra
te
d 
w
ith
 
0.
5 
m
 
w
o
o
d 
le
n
gt
hs
 
an
d 
he
ld
 
in
 
pl
ac
e 
w
ith
 
cl
ay
 
an
d 
dr
ill
 
ho
le
 
pl
u
gs
.
 
Fl
o
w
 
be
ha
v
io
u
r 
w
as
 
as
se
ss
ed
 
by
 
v
is
u
al
ly
 
lo
ca
tin
g 
m
ar
ke
rs
 
w
he
n
 
th
ey
 
w
er
e 
ex
po
se
d 
at
 
th
e 
dr
aw
po
in
t. 
Th
e 
ra
w
 
da
ta
 
fro
m
 
th
e 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
th
e 
ex
tr
ac
tio
n
 
zo
n
e 
w
as
 
n
o
t e
lli
ps
o
id
,
 
bu
t r
at
he
r 
‘
te
ar
’
 
sh
ap
ed
.
 
Th
e 
fin
al
 
ex
tr
ac
tio
n
 
z
o
n
e 
w
as
 
fit
te
d 
to
 
an
 
el
lip
so
id
 
sh
ap
e,
 
al
th
o
u
gh
 
th
is 
pr
o
v
id
ed
 
a 
po
o
re
r 
fit
 
to
 
th
e 
ra
w
 
da
ta
.
 
B
as
ed
 
u
po
n
 
lo
n
g 
se
ct
io
n
s,
 
th
e 
fin
al
 
de
pt
h,
 
w
id
th
,
 
an
d 
he
ig
ht
 
o
f d
ra
w
 
w
as
 
ap
pr
o
x
im
at
el
y 
7 
m
,
 
12
 
m
 
an
d 
54
 
m
 
re
sp
ec
tiv
el
y.
 
It 
sh
o
u
ld
 
be
 
n
o
te
d 
th
at
 
th
e 
dr
ill
 
an
d 
bl
as
t d
es
ig
n
 
o
f 1
 
m
 
bu
rd
en
s 
w
o
u
ld
 
n
o
t b
e 
co
n
sid
er
ed
 
n
o
rm
al
 
fo
r 
SL
C 
m
in
in
g.
 
Th
e 
th
ird
 
se
rie
s 
o
f f
u
ll 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
co
n
du
ct
ed
 
in
 
19
82
 
at
 
th
e 
M
ei
sh
an
 
iro
n
 
o
re
 
m
in
e 
in
 
Ch
in
a.
 
Th
er
e 
w
er
e 
fiv
e 
m
ar
ke
r 
ho
le
 
pl
an
es
 
in
 
th
e 
rin
g,
 
w
ith
 
a 
to
ta
l o
f 4
2 
m
ar
ke
r 
ho
le
s 
in
 
w
hi
ch
 
12
03
 
m
ar
ke
rs
 
w
er
e 
in
st
al
le
d.
 
N
o
 
de
ta
ils
 
o
f t
he
 
ty
pe
 
o
f m
ar
ke
r,
 
m
ar
ke
r 
rin
g 
ge
o
m
et
ry
,
 
o
r 
bl
as
t d
es
ig
n
 
w
er
e 
pr
o
v
id
ed
.
 
Th
e 
dr
iv
e 
an
d 
su
bl
ev
el
 
sp
ac
in
g 
w
as
 
10
 
m
 
an
d 
12
 
m
 
re
sp
ec
tiv
el
y,
 
w
hi
le
 
th
e 
dr
iv
e 
di
m
en
sio
n
s 
w
er
e 
4 
m
 
w
id
e 
an
d 
3 
m
 
hi
gh
.
 
 
Th
e 
ex
tr
ac
tio
n
 
zo
n
es
 
qu
an
tif
ie
d 
du
rin
g 
th
e 
tr
ia
l w
er
e 
n
o
t f
itt
ed
 
to
 
an
 
el
lip
so
id
 
sh
ap
e 
(as
 
ap
po
se
d 
to
 
pr
ev
io
u
s 
ex
pe
rim
en
ts
). 
A
lth
o
u
gh
 
so
m
e 
lo
n
g 
an
d 
cr
o
ss
 
se
ct
io
n
s 
o
f t
he
 
ex
tr
ac
tio
n
 
zo
n
e 
w
er
e 
pr
o
v
id
ed
 
by
 
G
u
st
af
ss
o
n
 
(19
98
), n
o
 
de
ta
il 
o
f t
he
 
ex
tr
ac
tio
n
 
zo
n
e 
di
m
en
sio
n
s 
is 
ev
id
en
t f
ro
m
 
th
e 
fig
u
re
s.
 
 
 
Ch
a
pt
e
r 
2 
–
 
Su
bl
e
ve
l C
a
vi
n
g 
M
a
te
ria
l F
lo
w
 
22
 
Ta
bl
e 
2.
2 
(co
n
t.)
 
–
 
Su
m
m
ar
y 
o
f f
u
ll 
sc
al
e 
e
x
pe
rim
e
n
ta
l w
o
rk
 
in
v
es
tig
at
in
g 
SL
C 
m
at
er
ia
l f
lo
w
 
A
u
th
o
rs
 
Ex
pe
ri
m
en
ta
l S
et
u
p 
Ex
pe
ri
m
en
ta
l R
es
u
lts
 
G
u
st
af
ss
o
n
 
(19
98
) 
Fu
ll 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
co
n
du
ct
ed
 
at
 
th
e 
K
iru
n
a 
SL
C 
m
in
e 
fro
m
 
19
95
 
to
 
19
97
,
 
w
ith
 
m
ar
ke
rs
 
be
in
g 
in
st
al
le
d 
in
 
th
e 
lo
w
er
 
se
ct
io
n
 
o
f b
la
st
 
rin
gs
 
(99
1 
m
ar
ke
rs
 
in
st
al
le
d).
 
A
 
to
ta
l o
f 2
4 
rin
gs
 
in
 
fo
u
r 
pr
o
du
ct
io
n
 
dr
iv
es
 
w
er
e 
m
o
n
ito
re
d,
 
w
ith
 
m
ar
ke
rs
 
be
in
g 
re
co
v
er
ed
 
by
 
v
isu
al
 
m
ea
n
s.
 
32
 
pe
rc
en
t o
f 
m
ar
ke
rs
 
w
er
e 
re
co
v
er
ed
 
du
rin
g 
th
e 
m
o
n
ito
rin
g 
pr
o
gr
am
.
 
Th
e 
im
pa
ct
 
o
f 
SL
C 
ge
o
m
et
ry
,
 
bl
as
t d
es
ig
n
,
 
an
d 
m
u
ck
in
g 
m
et
ho
d 
o
n
 
o
re
 
re
co
v
er
y,
 
w
as
te
 
ro
ck
 
co
n
te
n
t, 
an
d 
flo
w
 
be
ha
v
io
u
r 
w
er
e 
in
v
es
tig
at
ed
.
 
A
dd
iti
o
n
al
ly
,
 
th
e 
tr
ia
ls 
in
v
es
tig
at
ed
 
th
e 
im
pa
ct
 
o
f t
w
o
 
di
ffe
re
n
t d
ra
w
po
in
t w
id
th
s 
(7 
m
 
an
d 
11
 
m
 
re
sp
ec
tiv
el
y) 
an
d 
bl
as
t b
u
rd
en
s 
(3.
0 
m
 
an
d 
3.
5 
m
) o
n
 
flo
w
 
be
ha
v
io
u
r.
 
Th
e 
re
su
lts
 
o
f t
he
 
m
ar
ke
r 
tr
ia
ls 
w
er
e 
co
n
sid
er
ed
 
to
 
be
 
lim
ite
d 
du
e 
to
 
th
e 
re
la
tiv
el
y 
lo
w
 
m
ar
ke
r 
re
co
v
er
y 
re
su
lts
.
 
In
st
ea
d,
 
th
e 
an
al
ys
is 
w
as
 
ba
se
d 
u
po
n
 
o
re
 
re
co
v
er
y 
an
d 
w
as
te
 
ro
ck
 
co
n
te
n
t r
es
u
lts
.
 
D
u
e 
to
 
th
e 
re
la
tiv
el
y 
lo
w
 
n
u
m
be
r 
o
f m
ar
ke
r 
tr
ia
ls,
 
it 
w
as
 
di
ffi
cu
lt 
to
 
de
te
rm
in
e 
if 
a 
sig
n
ifi
ca
n
t 
di
ffe
re
n
ce
 
in
 
av
er
ag
e 
o
re
 
re
co
v
er
ie
s 
w
er
e 
as
so
ci
at
ed
 
w
ith
 
dr
aw
po
in
t w
id
th
 
an
d 
bl
as
t b
u
rd
en
.
 
H
o
w
ev
er
,
 
th
e 
re
su
lts
 
di
d 
in
di
ca
te
 
th
at
 
an
 
in
cr
ea
se
d 
dr
aw
po
in
t w
id
th
 
an
d 
de
cr
ea
se
d 
bl
as
t b
u
rd
en
 
lo
w
er
ed
 
th
e 
v
ar
ia
n
ce
 
as
so
ci
at
ed
 
w
ith
 
o
re
 
re
co
v
er
y.
 
V
id
eo
 
re
co
rd
in
g 
o
f m
u
ck
in
g 
o
pe
ra
tio
n
s 
in
di
ca
te
d 
th
at
 
th
e 
m
et
ho
do
lo
gy
 
o
f e
x
ca
v
at
io
n
 
an
d 
br
o
w
 
‘
n
o
tc
hi
n
g’
 
ha
d 
a 
sig
n
ifi
ca
n
t i
m
pa
ct
 
u
po
n
 
flo
w
 
be
ha
v
io
u
r.
 
K
o
so
w
an
 
(19
99
) 
A
 
se
rie
s 
o
f f
u
ll 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
co
n
du
ct
ed
 
at
 
th
e 
St
o
bi
e 
SL
C 
m
in
e 
fro
m
 
Ja
n
u
ar
y 
to
 
M
ar
ch
 
19
96
,
 
to
 
as
se
ss
 
o
re
 
re
co
v
er
y 
fo
r 
21
 
m
 
an
d 
31
 
m
 
su
bl
ev
el
 
he
ig
ht
s.
 
N
in
e 
21
 
m
 
an
d 
ei
gh
t 3
1 
m
 
he
ig
ht
s 
w
er
e 
m
o
n
ito
re
d 
fo
r 
th
e 
tr
ia
l p
er
io
d.
 
Th
e 
pe
rc
en
t o
f o
re
 
re
co
v
er
ed
 
fo
r 
ea
ch
 
tr
ia
l w
as
 
es
tim
at
ed
 
fro
m
 
v
isu
al
 
gr
ad
e 
co
n
tr
o
l t
ec
hn
iq
u
es
 
(no
 
m
ar
ke
rs
 
u
se
d).
 
A
 
n
u
m
be
r 
o
f f
ac
to
rs
 
w
er
e 
co
n
sid
er
ed
 
in
 
th
e 
st
u
dy
 
in
cl
u
di
n
g 
dr
ill
in
g 
pr
ac
tis
es
,
 
bl
as
t d
es
ig
n
 
an
d 
im
pl
em
en
ta
tio
n
,
 
ex
ca
v
at
io
n
 
te
ch
n
iq
u
e,
 
an
d 
dr
aw
po
in
t w
id
th
.
 
A
dd
iti
o
n
al
ly
,
 
fra
gm
en
ta
tio
n
 
w
as
 
m
o
n
ito
re
d 
fo
r 
ea
ch
 
tr
ia
l r
in
g 
u
sin
g 
ph
o
to
gr
ap
hi
c 
te
ch
n
iq
u
es
.
 
 
It 
w
as
 
co
n
cl
u
de
d 
fro
m
 
th
e 
st
u
dy
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The main aim of the study summarised by Janelid (1972) was the comparison of small and full 
scale experimental results. It was concluded that the extraction zones were similar, with lower 
variations in results being observed for the small scale experiments. It was also noted that the 
small scale experiments gave a slightly higher and narrower extraction zone (Janelid, 1975). 
This was attributed to a lower compaction level in the small scale models. A number of 
limitations associated with these full scale experiments are discussed by Alford (1978), in 
particular the applicability of results to base metal mines. However, these initial experiments at 
the Grangesberg SLC operation have since set a benchmark on which future full scale tests 
have been based (Power, 2004). 
 
Gustafsson (1998) describes a series of full scale experiments undertaken in China from 1975 
to 1985. Of these trials, the most significant were undertaken at the Longtan SLC iron ore mine 
from 1976 to 1977. The geometry and blasting conditions for this operation were unique, with 
an approximate blast ring height and burden of 50 m (over two sublevels) and 1 m 
respectively. Eight blast rings were fired simultaneously (in effect an 8.4 m burden was 
blasted). A total of 3520 markers were placed in 177 marker holes within the experimental 
rings. Markers were either constructed from wood filled plastic tube or ventilation pipe. 
Marker rings consisted of 9 to 12 holes drilled from the lower sublevel and 18 to 19 holes from 
the higher sublevel, with each hole containing 4, 8, or 12 markers. Recovery of markers was by 
visual means at the drawpoint. The raw data from the experiments indicated that the extraction 
zone was not ellipsoid, but rather ‘tear’ shaped. The final extraction zone was fitted to an 
ellipsoid shape, although this provided a poorer fit to the raw data. Based upon long sections, 
the final depth, width, and height of draw was approximately 7 m, 12 m, and 54 m 
respectively. A comprehensive discussion of these results is not available in the literature. 
 
A series of full scale experiments conducted at the Kiruna SLC operation from 1995 to 1997 
are described by Gustafsson (1998). A total of 24 rings in four production drives were 
monitored, with marker holes drilled up from the production drive. Markers were constructed 
from 1 m cable lengths coated with red plastic. A total of 991 markers were installed for the 
trials, with 32 percent of them being recovered visually at the drawpoints. The impact of SLC 
geometry, blast design, and excavation technique on ore recovery, waste rock content, and 
flow behaviour were investigated. Insufficient marker recovery made attempts to define 
extraction zones difficult, if not impossible. Based on limited data, it was difficult for 
Gustafsson (1998) to make any solid conclusions. As with Janelid (1972), it was concluded 
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that a higher variability of flow behaviour was evident in full scale experiments relative to 
small scale ones. 
 
The most detailed full scale experiments to date have been conducted at the Ridgeway SLC 
gold mine in Australia. Experiments have been ongoing since 2002, with over 70 individual 
trials conducted to 2006. Markers were constructed from 250 mm lengths of metal pipe, 
installed in either two or three marker ring planes within a 2.6 m burden. Marker recovery was 
initially undertaken with a combination of visual recovery at the drawpoint and magnetic 
separation within the material handling process (Power, 2004). After low marker recovery 
rates at the drawpoint, magnetic separation of markers after the primary crusher was 
exclusively adopted (Clout, 2004). The analysis undertaken by Clout (2004) and Power (2004) 
indicated that the extraction zone was not an ellipsoid shape, and was shallower and narrower 
than expected. Additionally it was noted by Power (2004) that flow behaviour within the 
extraction zone proceeded in stages from different parts of the ring.  
 
Recent full scale experiments have highlighted the highly irregular and asymmetrical shape of 
the extraction zone (Gustafsson, 1998; Kosowan, 1999; Rustan, 2000; Brady and Brown, 
2004; Clout, 2004; Power, 2004). Additionally, early full scale tests summarised by Janelid 
(1972) and Gustafsson (1998) describing the shape of the extraction zone as an ellipsoid may 
not be correct. Both Alford (1978) and Gustafsson (1998) conclude that the raw data from 
these early trials were manipulated to fit the excepted ellipsoid theory at the time.  
 
The observation of an irregular and asymmetric extraction zone for modern SLC geometries in 
contrast to those observed for earlier, smaller geometries is an interesting phenomenon. The 
Longtan SLC marker trial may provide an insight into the discrepancy between earlier and 
modern SLC flow behaviour. Although the Longtan marker trial was conducted in the mid 
1970’s, the SLC geometry was large, with an effective blast ring height and burden of 50 m 
and 8.4 m respectively. Although the geometry of the ring was large, even compared to 
modern standards, the extraction zone was considered to be relatively uniform and shaped like 
a tear drop. A possible factor in the uniform nature of this extraction zone would be the drill 
and blast design adopted. It would be expected that multiple blast rings with a burden of 
approximately 1 m each would provide an ideal explosive energy distribution to produce a 
consistent and well fragmented material across the entire ring (it should however be noted that 
no details of the drill and blast design are provided in the literature). This would have provided 
ideal flow conditions for a uniform extraction zone to develop.    
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It can be concluded that a limited number of full scale experiments in SLC operations have 
been completed to date. Of these, only two experiments conducted at the Grangesberg (Janelid, 
1972) and Ridgeway (Clout, 2004; Power, 2004) SLC operations have been sufficient to draw 
significant conclusions from. It can be argued that the Grangesberg experiments, although 
valuable at the time, are of limited benefit for modern SLC mining operations due to 
significant increases in geometry scale and changes in drill and blast technology over the last 
30 years. However, to counter this argument, it could be concluded that the earlier trials 
highlight the importance of achieving a consistent and well fragmented blasted material to 
achieve uniform flow behaviour.      
 
2.4 Factors Influencing SLC Flow Behaviour 
The design of an SLC layout is governed by both the knowledge of material flow behaviour, 
and practical and economical considerations (Cox, 1967). As is evident from the previous 
sections, material flow behaviour is complex in nature, being controlled by the interaction of a 
wide range of factors (Janelid and Kvapil, 1966; Cox, 1967; Just, 1972; Sandstrom, 1972; 
Janelid, 1975; Cokayne, 1982; Kvapil, 1982, 1992; Kosowan, 1999, Bull and Page, 2000; 
Hustrulid, 2000; Rustan, 2000). Early small and full scale experimental results and theoretical 
calculations were conducted partly to investigate the influence of these factors on flow 
behaviour (Caspar 1960; Finkel and Skalare, 1963; Janelid and Kvapil, 1966; Haglund 1968; 
Free, 1970; Janelid, 1972; McMurray, 1976). These factors were related to geometric design 
considerations (sublevel height, crosscut spacing, drive geometry, ring inclination, and ring 
burden), draw control practises (excavation strategy and depth of bucket penetration into the 
blasted material), and cave and ore material properties (friction angle, fragment size, and bulk 
density). It was clearly demonstrated in the literature that these factors had a significant impact 
on early experimental test results. 
 
Based upon these early results, a number of SLC design guidelines have been presented in the 
literature to relate geometric, material, and draw control parameters to material flow behaviour 
(Kvapil, 1992). These guidelines generally consist of a series of empirical equations relating 
mine design and blasted ore and caved material properties to the width and thickness of an 
extraction ellipsoid (Janelid and Kvapil, 1966; Cox, 1967; Just, 1972; Sandstrom, 1972; 
Janelid, 1975; Cokayne, 1982; Kvapil, 1982, 1992). Kvapil (1992) concludes that due to the 
complexity of material gravity flow these guidelines should only provide a first approximation 
to determining flow behaviour parameters.  
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As SLC geometries increased in scale with advances in drilling, blasting, and equipment 
technologies, it became evident that the relative uniform material flow behaviour described by 
earlier authors was not adequate (Sandstrom, 1972; Cullum, 1974; Janelid, 1975; 
Panczakiewicz, 1977; Alford, 1978; Yenge, 1981; Stazhevskii, 1996; Gustafsson, 1998; 
Kosowan, 1999; Rustan, 2000; Clout, 2004; Power, 2004). Results from full scale flow trials in 
modern SLC operations (Gustafsson, 1998; Clout, 2004; Power, 2004) highlighted a change to 
an irregular and asymmetrical shaped extraction zone. This change in material flow behaviour 
led to a reassessment of factors which had a direct impact on flow performance. In addition to 
the traditional geometric, draw control, and material flow properties, an additional set of 
factors related to drill and blast parameters were recognised to have a possible impact on 
observed full scale flow behaviour for modern SLC geometries (Gustafsson, 1998; Power, 
2004). As discussed in the previous section, the Longtan SLC marker trial may confirm this 
conclusion.  
 
Drill and blast issues have been identified by a number of authors (Janelid, 1968; Free, 1970; 
Dubynin, 1973; Cullum, 1974; McMurray, 1976; Marklund 1976; Alford, 1978; Heslop and 
Laubscher, 1981; Kvapil, 1982; Stazhevskii, 1996; Gustafsson, 1998; Kosowan, 1999; Bull 
and Page, 2000; Hustrulid, 2000; Rustan, 2000; Quinteiro et al 2001; Trout, 2002; Power, 
2004; Sellden and Pierce, 2004, Trueman, 2004) to have a substantial impact upon SLC 
material flow. These issues relate to both drill and blast design parameters and design 
implementation. Increases in SLC geometry size have meant the development of longer and 
larger diameter blast holes, and improvements in explosive and blasting methods (Stazhevskii, 
1996). This has in turn lead to significant mine cost savings due to decreased development 
costs. This trend is summarised for some of the key mine design parameters for the years 1983 
and 2000 at the LKAB SLC in northern Sweden (Hustrulid, 2000). Over this period of time the 
sublevel interval has more than doubled, blast burden and hole diameter increased by 70 and 
80 percent respectively, and the tonnage per ring increased by a factor of ten. Such changes in 
the drill and blast design would be expected to have an impact on blasted and caved material 
properties, and therefore material flow behaviour. 
 
Predominantly, the literature has made general conclusions concerning the interaction of drill 
and blast parameters and flow behaviour, with respect to the knowledge that blasting has a 
direct impact on ore and caved flow material properties. A limited number of studies have 
related drill and blast parameters to indirect measures of material flow behaviour, in particular 
ore recovery and dilution (Marklund, 1976; Kosowan, 1999; Quinteiro et al, 2001). To date, no 
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detailed analysis of the impact of drill and blast parameters on material flow behaviour in full 
scale SLC operations has been documented in the literature.  
 
2.5 Conclusions 
An understanding of SLC material flow behaviour has been developed from theoretical 
calculations, small and full scale tests, and operational observation for over 40 years. Early 
investigations studied flow behaviour on a fundamental level through mathematical modelling 
techniques and small scale experimental studies. These concepts were validated and further 
developed with the aid of full scale marker trials in a number of SLC operations. The 
development of flow theory has been critical for the success of the SLC mining method. 
 
Early flow behaviour models described the extraction zone as an ellipsoid, with a variety of 
mine geometry and material properties related to ellipsoid parameters. Further small and full 
scale experimental studies identified limitations associated with ellipsoid theory in relation to 
describing granular flow in a heterogeneous blasted material in an SLC mining environment. 
In response to these findings a number of mathematical methods have been developed to 
improve model performance including Bergmark-Roos theory, void diffusion, cellular 
automata, elastic-plastic, and discrete element modelling. 
 
Small scale experiments investigating material flow behaviour have evolved from simple bin 
models to relatively complex models incorporating SLC geometry and ‘realistic’ material 
parameters. The underlying objectives of this work to date have been the identification of 
parameters and the extent to which these parameters influence material flow, and the ability of 
these results to be applied to full scale production layouts. A number of limitations associated 
with small scale models have been discussed in the literature relating to issues of similitude, 
model design, and ore and waste material properties. Although these limitations exist it can be 
concluded that small scale experimental results have provided quantitative and qualitative 
results that have been usable for the design and operation of SLC mines.  
 
Results from full scale experiments investigating flow behaviour have been critical for the 
further development, assessment, and validation of numeric and small scale models. These 
experiments have generally used markers installed in the blast burden, and recovered visually 
at the drawpoint or within the material handling process. Results from these experiments have 
provided details concerning the development and final shape of the extraction zone, but no 
details relating to the movement zone. It can be concluded that a limited number of full scale 
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experiments in SLC operations have been completed to date. Of these, only two experiments 
conducted at the Grangesberg and Ridgeway SLC operations have been sufficient to draw 
significant conclusions from.  
 
It can generally be concluded that theoretical, and small and full scale experimental studies 
have aimed at the identification of parameters, and the extent with which these parameters 
influence material flow behaviour. Material flow behaviour in an SLC mining operation is 
complex due to the interaction of a wide range of parameters associated with geometric, 
material properties, draw control, and drill and blast factors. Drill and blast parameters have 
been identified by a number of authors to have a significant influence on flow behaviour. 
However, quantification of the influence of these parameters on flow performance is lacking in 
the literature. Due to the perceived reliance of modern SLC performance on drill and blast 
parameters, it is critical to have a full understanding of blasting issues in SLC mines. The 
following chapter (Chapter 3) summarises the literature related to drill and blast issues 
associated with SLC mining and material flow behaviour.   
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CHAPTER 3 
 
BLASTING IN A SUBLEVEL CAVING MINE 
 
 
It is commonly acknowledged in the literature that blasting can have a significant impact upon 
SLC performance. Improvements in drilling and explosive products in the past 40 years have 
led to significant increases in mining productivity with an associated decrease in development 
and mining costs for SLC operations. However, in doing this, the enlarged SLC geometry has 
modified the flow behaviour of the blasted material. As a result, very careful attention must be 
paid to blasting to achieve high ore recoveries while minimising dilution. The literature 
outlines a number of blast related material characteristics relating to ore and waste 
fragmentation and ‘looseness’ which impact upon SLC flow behaviour. To date, limited small 
and full scale experiments have been reported in the literature quantifying these 
characteristics with respect to blasting. It is critical to understand the impact of blast design 
on material flow behaviour and recovery if further improvements in SLC performance are to 
be obtained. 
 
 
3.1 Introduction 
Blasting in SLC has been identified by a number of authors (Janelid, 1968; Free, 1970; 
Dubynin, 1973; Cullum, 1974; McMurray, 1976; Marklund 1976; Alford, 1978; Heslop and 
Laubscher, 1981; Kvapil, 1982; Stazhevskii, 1996; Gustafsson, 1998; Kosowan, 1999; Bull 
and Page, 2000; Hustrulid, 2000; Rustan, 2000; Quinteiro et al 2001; Trout, 2002; Power, 
2004; Sellden and Pierce, 2004, Trueman, 2004) to have a substantial impact upon SLC 
material flow, and therefore performance. The literature indicates that SLC flow behaviour is 
in part dependent upon a number of blast related material characteristics relating to the 
fragmentation and ‘looseness’ of the flowing material. The impact of SLC blast design upon 
these material characteristics is however not clearly understood in the literature. To date, a 
limited number of small and full scale experiments have been undertaken to quantify the 
impact of blast design parameters on the resulting flow material characteristics. The results of 
these experiments have met with mixed success, but they have highlighted several important 
factors which need to be considered in SLC blast design if material flow is to be understood.  
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This chapter outlines the current understanding of SLC blast design and its perceived impact 
upon material flow. Blast factors impacting upon material flow are divided into a number of 
categories related to blast confinement, blast design (including geometry, void ratio, explosive 
properties, and initiation timing), and rock mass characteristics. These factors directly impact 
upon blast fragmentation and looseness of ore and waste material, and subsequently SLC 
material flow. 
 
3.2 Confined Blasting 
The term ‘confined blasting’ has been defined by Cullum (1974) as the action of blasting a 
slice of rock against either previously blasted material or caved material or fill, lying flush with 
the solid rock, with the intention of controlling the spread of the blast. Semenyakin et al (1993) 
describe this previously blasted, caved, or fill material as having an acoustic stiffness several 
times less than the material being blasted, with a capacity to densify under the action of 
blasting. These properties allow reflected tensile waves whose energy levels are sufficient to 
break the brittle material being blasted, and provide movement of the broken rock mass 
necessary in order to crush it sufficiently (Semenyakin et al, 1993).  
 
In relation to SLC mining, Alford (1978) concludes that the nature and effects of confined 
blasting in an underground mine have received little attention. In particular the fragmentation, 
frequency of hang-ups, and gravity flow mechanism for any particular ring (i.e. loosening of 
blasted ore or swelling) must be evaluated and where significant incorporated into a mine 
model. To date, the majority of research into confined blasting has been undertaken in Russia, 
Sweden, Australia, and the United States. This research has concentrated on quantifying the 
impact of blasting into a void volume, compressible material, or non-compressible material on 
post blast material characteristics such as fragmentation and looseness. In these studies 
looseness has been quantified by either bulk density changes in the pre- and post-blast material 
or by a swell factor (ratio between post- and pre-blast material volumes). The following 
sections describe in detail the work undertaken in each of these areas of research. 
 
3.2.1 Impact of Void Ratio on Blast Performance 
The ‘void’ ratio is described in the literature by a number of terms including ‘void volume’, 
‘swell ratio’, and ‘compensation space’. For consistence, the term ‘void ratio’ (K) is used in 
this thesis, and is defined as the percentage ratio of the void volume to pre-blast volume of the 
rock to be broken. Considering the conceptual importance of void ratio in underground 
blasting, little has been reported in the literature quantifying the impact of void ratio on blast 
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results. In relation to SLC mining, the void ratio impacts upon the blast performance in 
proximity of the starting slot and production drive, as well as the inter-row timing for multiple 
ring blasting.  
 
A number of authors including Ovsyannikov and Dyadechkin (1962), Fedorenko and Kovtun 
(1977), Jarlenfors and Holmberg (1980), and Olsson (1987) have investigated the impact of 
void ratio on blast performance. Small and full scale experiments have been conducted to 
quantify a relationship between various blast fragmentation indices and the void ratio. 
Although design details of small scale experiments are discussed in detail by these authors, 
detail of full scale experiments is lacking. A summary of the work conducted by these authors 
is contained in Table 3.1. 
 
Generally, it has been concluded that a parabolic relationship exists between fragmentation 
indices and void ratio (e.g. Figure 3.1) with the finest fragmentation being achieved for void 
ratios between 30 percent and 70 percent. No explanation of this parabolic relationship is 
provided by any of these authors, but may be related to the particle collision process within a 
blast. Markenzon (1967) and Persson et al (1994) state that the improvement in fragmentation 
with void ratio is due to the kinetic energy of the broken particles which collide with each 
other and the previously broken material. Markenzon (1967) further elaborates that this 
‘secondary breakage’ process is optimal for a certain range of void ratios.  
 
a) small scale b) full scale
 
Figure 3.1 – Percentage fragmentation oversize (UOS) versus void ratio for small and full scale 
experiments (after Fedorenko and Kovtun, 1977) 
Ch
a
pt
e
r 
3 
–
 
Bl
a
st
in
g 
in
 
a
 
Su
bl
e
ve
l C
a
vi
n
g 
M
in
e
 
 
34
 
Ta
bl
e 
3.
1 
–
 
Su
m
m
a
ry
 
o
f e
x
pe
rim
en
ta
l w
o
rk
 
in
v
es
tig
at
in
g 
th
e 
im
pa
ct
 
o
f v
o
id
 
ra
tio
 
o
n
 
bl
as
t p
er
fo
rm
an
c
e 
A
u
th
o
rs
 
Ex
pe
ri
m
en
ta
l S
et
u
p 
Ex
pe
ri
m
en
ta
l R
es
u
lts
 
O
v
sy
an
n
ik
o
v
 
an
d 
D
ya
de
ch
ki
n
 
(19
62
) 
Sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
w
er
e 
u
se
d 
to
 
as
se
ss
 
th
e 
o
pt
im
u
m
 
v
o
id
 
ra
tio
 
to
 
pr
o
du
ce
 
th
e 
fin
es
t f
ra
gm
en
ta
tio
n
.
 
N
o
 
de
ta
il 
is 
gi
v
en
 
o
f t
he
 
ex
pe
rim
en
ta
l 
se
tu
p.
 
Th
e 
re
su
lts
 
o
f t
he
 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
th
e 
fin
es
t 
fra
gm
en
ta
tio
n
 
di
st
rib
u
tio
n
 
w
as
 
pr
o
du
ce
d 
fo
r 
a 
v
o
id
 
ra
tio
 
be
tw
ee
n
 
50
 
pe
rc
en
t a
n
d 
70
 
pe
rc
en
t. 
Fe
do
re
n
ko
 
an
d 
K
o
v
tu
n
 
(19
77
) 
Sm
al
l a
n
d 
fu
ll 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
co
n
du
ct
ed
 
to
 
in
v
es
tig
at
e 
th
e 
im
pa
ct
 
o
f v
o
id
 
ra
tio
 
an
d 
v
o
id
 
sh
ap
e 
o
n
 
fra
gm
en
ta
tio
n
 
o
v
er
siz
e 
(m
at
er
ia
l o
v
er
 
60
 
m
m
 
in
 
siz
e).
 
Th
e 
sm
al
l s
ca
le
 
m
o
de
ls 
co
n
sis
te
d 
o
f b
lo
ck
s 
w
ith
 
di
m
en
sio
n
s 
o
f 3
00
 
m
m
 
x
 
30
0 
m
m
 
x
 
30
0 
m
m
 
o
r 
30
0 
m
m
 
x
 
30
0m
m
 
x
 
60
0 
m
m
 
(w
ei
gh
in
g 
50
 
kg
 
an
d 
10
0 
kg
 
re
sp
ec
tiv
el
y),
 
m
ad
e 
fro
m
 
a 
co
m
bi
n
at
io
n
 
o
f 
m
ar
tit
e 
o
re
 
an
d 
ce
m
en
t. 
A
 
v
ar
ie
ty
 
o
f v
o
id
 
sh
ap
es
 
w
er
e 
bl
as
te
d 
in
to
,
 
w
ith
 
v
o
id
 
ra
tio
s 
fro
m
 
2 
pe
rc
en
t t
o
 
54
 
pe
rc
en
t. 
Fu
ll 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
al
so
 
co
n
du
ct
ed
 
at
 
th
e 
K
iro
v
 
an
d 
D
z
er
zk
in
sk
ii 
m
in
es
,
 
bu
t n
o
 
de
ta
ils
 
o
f t
he
 
ex
pe
rim
en
ta
l s
et
u
p 
ar
e 
gi
v
en
.
 
B
o
th
 
th
e 
sm
al
l a
n
d 
fu
ll 
sc
al
e 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
th
e 
ge
n
er
al
 
re
la
tio
n
sh
ip
 
be
tw
ee
n
 
pe
rc
en
ta
ge
 
fra
gm
en
ta
tio
n
 
o
v
er
siz
e 
an
d 
v
o
id
 
ra
tio
 
is 
pa
ra
bo
lic
 
in
 
n
at
u
re
.
 
Th
e 
sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
th
e 
lo
w
es
t 
pe
rc
en
ta
ge
 
o
v
er
siz
e 
is 
o
bt
ai
n
ed
 
fo
r 
v
o
id
 
ra
tio
s 
ra
n
gi
n
g 
fro
m
 
32
 
pe
rc
en
t t
o
 
40
 
pe
rc
en
t f
o
r 
th
e 
v
ar
io
u
s 
v
o
id
 
sh
ap
es
.
 
Fo
r 
fu
ll 
sc
al
e 
ex
pe
rim
en
ts
,
 
th
e 
lo
w
es
t p
er
ce
n
ta
ge
 
fra
gm
en
ta
tio
n
 
o
v
er
siz
e 
w
as
 
o
bt
ai
n
ed
 
fo
r 
a 
v
o
id
 
ra
tio
 
o
f 
ap
pr
o
x
im
at
el
y 
30
 
pe
rc
en
t. 
Ja
rle
n
fo
rs
 
an
d 
H
o
lm
be
rg
 
(19
80
) 
Sm
al
l s
ca
le
 
ex
pe
rim
en
ts
 
w
er
e 
pe
rfo
rm
ed
 
to
 
as
se
ss
 
th
e 
im
pa
ct
 
o
f v
o
id
 
ra
tio
,
 
n
u
m
be
r 
o
f r
o
w
s 
bl
as
te
d 
(pe
r 
tim
e 
pe
rio
d,
 
w
ith
 
a 
to
ta
l o
f e
ig
ht
 
ro
w
s 
fo
r 
ea
ch
 
ex
pe
rim
en
t),
 
an
d 
in
te
r-
ho
le
 
an
d 
in
te
r-
ro
w
 
de
la
y 
tim
es
 
o
n
 
th
e 
bl
as
te
d 
m
at
er
ia
l f
ra
gm
en
ta
tio
n
 
di
st
rib
u
tio
n
.
 
Th
e 
m
o
de
l h
ad
 
di
m
en
si
o
n
s 
o
f 3
34
 
m
m
 
x
 
23
0 
m
m
 
x
 
20
0 
m
m
 
an
d 
w
as
 
co
n
st
ru
ct
ed
 
o
f e
ith
er
 
PM
M
A
 
o
r 
a 
m
ix
tu
re
 
o
f 
ep
o
x
y 
an
d 
qu
ar
tz
 
sa
n
d.
 
Fo
r 
th
e 
sin
gl
e 
ro
w
 
bl
as
tin
g 
ex
pe
rim
en
ts
 
(ea
ch
 
ro
w
 
fir
ed
 
in
de
pe
n
de
n
t o
f 
o
n
e 
an
o
th
er
,
 
n
o
 
de
la
y 
be
tw
ee
n
 
ho
le
s),
 
th
e 
im
pa
ct
 
o
f v
o
id
 
ra
tio
 
o
n
 
bl
as
tin
g 
pe
rfo
rm
an
ce
 
w
as
 
qu
an
tif
ie
d 
by
 
th
e 
fra
gm
en
ta
tio
n
 
di
st
rib
u
tio
n
 
o
f t
he
 
m
at
er
ia
l b
la
st
ed
 
fo
r 
al
l e
ig
ht
 
ro
w
s.
 
Th
e 
re
su
lts
 
in
di
ca
te
d 
th
at
 
as
 
th
e 
v
o
id
 
ra
tio
 
in
cr
ea
se
d 
fro
m
 
12
.
5 
pe
rc
en
t t
o
 
10
0 
pe
rc
en
t, 
th
e 
fra
gm
en
ta
tio
n
 
di
st
rib
u
tio
n
 
pr
o
gr
es
siv
el
y 
be
ca
m
e 
fin
er
.
 
O
lss
o
n
 
(19
87
) 
Fr
o
m
 
19
82
 
to
 
19
86
 
ha
lf 
sc
al
e 
ex
pe
rim
en
ts
 
w
er
e 
ca
rr
ie
d 
o
u
t b
y 
O
lss
o
n
 
(19
87
) a
t L
K
A
B
’
s 
m
in
e 
in
 
M
al
m
be
rg
et
,
 
Sw
ed
en
.
 
B
y 
ex
tr
em
el
y 
ca
u
tio
u
s 
bl
as
tin
g,
 
a 
sm
al
l b
en
ch
 
w
as
 
es
ta
bl
ish
ed
 
in
 
th
e 
m
ag
n
et
ite
 
o
re
.
 
Th
er
ea
fte
r,
 
a 
co
n
cr
et
e 
w
al
l w
as
 
gr
o
u
te
d 
in
 
pl
ac
e 
at
 
su
ch
 
a 
di
st
an
ce
 
fro
m
 
th
e 
be
n
ch
 
fa
ce
 
th
at
 
th
e 
de
sir
ed
 
v
o
id
 
ra
tio
 
w
as
 
ac
hi
ev
ed
.
 
Fi
v
e 
ro
w
s 
o
f h
o
le
s 
w
er
e 
fir
ed
 
in
de
pe
n
de
n
tly
 
o
f e
ac
h 
o
th
er
,
 
w
ith
 
n
o
 
de
la
y 
tim
e 
be
tw
ee
n
 
ea
ch
 
ho
le
.
 
Th
e 
ha
lf 
sc
al
e 
ex
pe
rim
en
ts
 
in
di
ca
te
d 
th
at
 
a 
pa
ra
bo
lic
 
re
la
tio
n
sh
ip
 
ex
ist
ed
 
be
tw
ee
n
 
th
e 
P 5
0 
(si
ze
 
at
 
w
hi
ch
 
50
 
pe
rc
en
t o
f s
ie
v
ed
 
m
at
er
ia
l p
as
se
s) 
an
d 
v
o
id
 
ra
tio
.
 
Th
e 
fin
es
t f
ra
gm
en
ta
tio
n
 
w
as
 
o
bt
ai
n
ed
 
fo
r 
v
o
id
 
ra
tio
s 
be
tw
ee
n
 
40
 
pe
rc
en
t a
n
d 
60
 
pe
rc
en
t. 
Th
e 
sie
v
ed
 
fra
gm
en
ta
tio
n
 
da
ta
 
w
as
 
o
bt
ai
n
ed
 
fo
r 
th
e 
co
m
bi
n
ed
 
fiv
e 
ro
w
s 
bl
as
te
d.
 
 
Chapter 3 – Blasting in a Sublevel Caving Mine 
35 
Ovsyannikov and Dyadechkin (1962) found from small scale experiments that the optimal void 
ratio for fine fragmentation was between 50 percent and 70 percent. Fedorenko and Kovtun 
(1977) concluded from both small and full scale experiments that this optimal void ratio was 
between 30 percent and 40 percent. Olsson (1987) from half scale experiments found that void 
ratios between 40 percent and 60 percent produced the finest fragmentation. These findings are 
contradicted by Jarlenfors and Holmberg (1980), who concluded that the finest fragmentation 
is achieved for an infinite void ratio. Variability in these findings is believed to be due to the 
different scales of the models, material type, and blast design adopted for each of these 
experiments. It highlights that careful attention must be paid to rock mass characteristics and 
blast design when determining the optimum void ratio for improved blasting performance. 
 
Additional work was conducted by Fedorenko and Kovtun (1977) to determine the void ratio 
in which crack development, leading to the formation of broken fragments of material 
occurred. To determine this, a series of small scale experiments were conducted with void 
ratios ranging from 2 percent to 16 percent. The results of these experiments are summarised in 
Table 3.2. 
 
Table 3.2 – Summary of first stage experimental results (Fedorenko and Kovtun, 1977) 
Void Ratio Description of Results 
2 % to 3 % The depth of crack propagation was 25 to 30 times the charge diameter, and that the percentage 
of oversize was almost 100 percent. It was also noted that a slot formed between the broken 
material and the rest of the model in the plane of the boreholes. 
5 % to 6 % Greater number of cracks than for the lower void ratio, leading to separate fragments in the 
broken rock. As in the case of the lower void ratio, a slot along the line of charges was formed. 
8 % to 9% The material was more intensely fractured than for the lower void ratios, and a field of fine and 
coarse fragmentation was observed.  
15 % to 16 % Better crushing of the broken material was observed over the whole volume of the material 
compared to a void ratio of 8 % to 9 %. 
 
Based upon these findings, Fedorenko and Kovtun (1977) concluded that the minimum void 
ratio for which the blasted material is ‘broken up’ is 5 percent to 6 percent. For void ratios 
below this value, the blasted material is fractured but does not result in any considerable 
fragmentation of the material. The overall trend is that as the void ratio increases, the 
fragmentation becomes finer and more uniform, up to a void ratio of 16 percent. This is an 
important result when considering the minimum void ratio in which ‘freezing’ (the rock is 
fractured, but does not dilate) of the blast may occur.  
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3.2.2 Blasting into a Compressible Material 
Blasting into a compressible material describes the underlying principle of SLC blast design. 
Ore material is blasted into compressible caved ‘waste’, resulting in swelling of the blasted ore 
and compaction of the ‘waste’ rock. The literature reports a number of analytical models and 
physical experiments to quantify the fragmentation and swell of the blasted material, and 
compaction of the compressible material. The primary aim of this research has been to gain an 
understanding of blasting mechanisms which directly impact upon flow material characteristics 
in an SLC operation. 
 
Analytical Models 
Analytical models have been developed to either predict the fragmentation distribution or 
understand the dynamic processes of blasting into a compressible material. These dynamic 
processes include the prediction of swelling within the blasted material and compaction of the 
compressible material. Considering the importance of blasting in the success of an SLC 
operation, surprisingly little work has been conducted in the development of such models. 
 
Preston (1995), Lith et al (2004), Onederra (2004), and Scott (2004) have reported attempts to 
develop blast fragmentation models for SLC ring blasting. Preston (1995) developed a 
stochastic model to predict the fragmentation distribution for uphole and downhole blast 
designs, including SLC blast geometries. Explosive and rock mass properties were used to 
derive a stress attenuation curve to relate to rock breakage. A maximum and minimum 
breakage region was then calculated, based upon this curve. The fragmentation distribution of 
the blasted material was calculated using a modified Kuz-Ram approach. 
 
Lith et al (2004) used measured fragmentation data from the LKAB SLC operation to develop 
a modified Kuz-Ram fragmentation model. Calculations of the rock factor and uniformity 
index were modified to take into account factors unique to SLC blasting. Based upon initial 
studies, the model was not considered ready to be used to predict the fragmentation 
distribution of a ring blast. It was concluded that additional site data were required to further 
improve the accuracy of the model.  
 
A two component mechanistic/empirical fragmentation model was proposed by Onederra 
(2004) to predict the fragmentation distribution for underground blasting. The model used a 
mechanistic approach to predict the fines end of the fragmentation distribution, while a peak 
particle velocity (PPV) criterion was adopted to predict the coarse end. Although the model 
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was not specifically developed for SLC blasting, the majority of empirical data to develop the 
model were obtained from the Ridgeway SLC operation.  
 
Scott (2004) developed an energy based approach to subdivide the SLC ring into a number of 
fragmentation regions. A modified form of the crush zone fragmentation model, proposed by 
Kanchibotla (1999), was then used to predict the fragmentation distribution of each region. 
The fragmentation distribution of the entire ring was calculated by using a weighted average of 
each fragmentation region. The advantage of this model is that the fragmentation distribution 
for various parts of the SLC ring can be predicted. Therefore, a fragmentation profile of the 
blasted ring can be generated. It is important to know this profile if further improvements in 
the understanding of SLC material flow are to be made.  
 
The major disadvantage of these four models is that the empirical data on which the models are 
based upon is limited, not taking into account wide ranges in blast design and rock mass 
properties in SLC blasting. The majority of models still have underlying assumptions based 
upon fragmentation data obtained from open pit operations, which is not relevant to this type 
of blasting. 
 
The literature reports attempts by Markenzon (1967), Alford (1978), and Abramov and 
Gorbunov (1978) to develop analytical models to describe the dynamics of blasting into a 
compressible material. Markenzon (1967) proposed a three stage model which predicted the 
compaction of the compressible material, swelling of the blasted ring, and the creation of a 
temporary void behind the blast (before relaxation of the blasted material and cave material 
filling the void). The calculation of the compaction of the caved material was based upon a 
relationship proposed by Imenitov and Pustovalov (1964) from small scale experiments, while 
the swell factor of the blasted material was assumed to be a constant (1.15 in this case). The 
temporary void width created behind the blast was simply calculated by subtracting the swell 
of the blasted material from the compaction of the caved material.  
 
Alford (1978) proposed a simplified blast model to calculate the expansion of the blasted 
material and the resulting compaction of the compressible material. The model simply 
assigned material expansion factors for a number of regions within the SLC blast ring. The 
expansion factor adopted was dependent upon the location of the material within the ring. 
Compaction of the compressible material was assumed to be linearly related to the dimensions 
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of the blasted zone, using a proportionality factor. As noted by Alford (1978), this model was 
only an initial attempt to model the blasting process and is based on intuition and observation.  
 
An apparent limitation of the proposed models by both Markenzon (1967) and Alford (1978) is 
the lack of input parameters considered important for confined blasting such as blast geometry, 
explosive properties, and material characteristics. To address this, Abramov and Gorbunov 
(1978) developed an energy based model to predict the movement of the blasted material in a 
SLC environment. The model was dependent upon a number of parameters related to the 
explosive (in particular the explosive gas pressure), material properties of both the 
compressible and blasted mediums, and the geometry of the blast ring. Although the model is 
considered an improvement to the ones proposed by Markenzon (1967) and Alford (1978), it is 
difficult to use due to the large number of input parameters required. Additionally, a number of 
these parameters relating to the mechanical properties of the compressible material would be 
very difficult if not impossible to quantify. 
 
Alford (1978) notes that little research had been completed in this area of blasting, and that 
future research should focus on more realistic blasting models that quantify this dynamic 
process. Such modelling should be able to predict the blasted SLC ring fragmentation 
distribution and material bulk density changes across the ring, and the resulting compaction of 
the caved material. 
 
Small and Full Scale Experiments 
A number of authors including Belen’kii et al (1969), Rustan (1970), Cullum (1974), 
Volchenko (1977), Kirpichenko (1982), and Zhang (2004) have used small and full scale 
experiments to quantify the swell and fragmentation distribution of the blasted ring, and 
compaction of the compressible material. Although design details of small scale experiments 
are discussed in detail by these authors, detail of full scale experiments is lacking. Table 3.3 
summarises this experimental work reported in the literature. 
 
Rustan (1970), Cullum (1974), Volchenko (1977), and Zhang (2004) used small scale models 
to quantify the blast fragmentation distribution when firing into a compressible material. 
Rustan (1970) determined from small scale experiments that blast fragmentation was 
influenced by model material properties, inter-hole initiation timing, and the pressure exerted 
by the compressible material (cave material pressure), for a fixed powder factor. The finest 
fragmentation P80 (size fraction at which 80 percent of material passes) was achieved for inter-  
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hole delay times of between 0.1 ms to 1.0 ms. An inverted parabolic relationship was observed 
between the blast fragmentation P80 and pressure exerted by the compressible material.  
 
Cullum (1974) investigated the impact of increased confinement as blast rows retreated from a 
starting slot. As each row was fired, the confinement for the next ring increased, until a 
situation of blasting into a compressible material was obtained. The small scale experiments 
indicated that as the blast rows moved away from the starting slot, the resulting fragmentation 
distribution became coarser.  
 
Volchenko (1977) investigated the impact of firing a single row of holes into a variety of 
compressible materials with swell factors (i.e. looseness) of between 1.3 and 1.6. The results 
indicated that the optimal swell factor for the compressible material in which fine 
fragmentation is achieved was 1.4. Small scale experiments conducted by Zhang (2004) 
reported an increase in fragmentation P50 (size fraction at which 50 percent of material passes) 
and P80 from the bottom to top of the blasted ring. This vertical variation in fragmentation can 
be predominantly attributed to changes in the explosive energy distribution of the ring due to 
the drill hole fan geometry adopted.  
 
Swell of the blasted material and compaction of the compressible material have been quantified 
with both small and full scale experiments by Belen’kii et al (1969), Rustan (1970), Cullum 
(1974), Volchenko (1977), Kirpichenko (1982), and Zhang (2004). Belen’kii et al (1969) found 
from small scale tests that as the compressible material size fraction became smaller, the level 
of compaction at any given distance from the blast increased. It was concluded that this 
observation was due to an increase in the specific volume of cavities as the compressible 
material became finer. For the parallel array of holes, compaction of the material occurred to a 
maximum distance of approximately 25 cm, irrespective of particle size. This trend was not 
observed for the fan hole geometry, where the maximum distance of compaction ranged from 
25 cm to 33 cm, depending upon the material size fraction. It was also noted that more 
compaction occurred closer to the hole collars in the fan geometry, due to the closer proximity 
of explosive in this region.  
 
Data from the small scale experiments conducted by Belen’kii et al (1969) are reported to have 
correlated well with full scale blasts at the Gigant-Glubokaya mine. Compaction of the caved 
material at this mine was reported to have occurred up to a distance of 20 m to 22 m from the 
blast holes. Unfortunately no details of these full scale experiments are given by Belen’kii et al 
(1969), in particular the method used to measure the depth of compaction in the caved material. 
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Rustan (1970) measured the horizontal swell factor for various horizontal planes within small 
scale blasted rings. The experimental results indicated that the horizontal swell was partially 
controlled by the inter-hole initiation timing and the pressure exerted by the compressible 
material. Depending upon these two parameters, average horizontal swell factors of 0.5 (or 
negative horizontal swell) to 1.4 were recorded for the small scale tests. For inter-hole 
initiation timings of less that 0.1 ms average horizontal swell factors of between 0.5 and 0.8 
were measured, while for delays of 0.1 ms to 1.0 s average horizontal swell factors of between 
1.2 and 1.4 were measured. It was also noted that a degree of vertical swell occurred in the 
experimental ring blasts. 
 
Cullum (1974) found no clear correlation between the degree of confinement of blasted rows 
and the bulk density (or swell) of the blasted material in small scale experiments. Cullum 
(1974) concluded that the lack of a correlation between the two parameters was due to the 
dependence of the bulk density of the blasted material on the method of initiation and on the 
model size and rigidity. The method of initiation was thought to be important to the bulk 
density of the blasted material due to the dynamic processes proposed by Markenzon (1967), in 
which a void volume is created behind a blasted row in multiple row blasting. 
 
Volchenko (1977) noted in small scale experiments that as the compressible material became 
denser, the swell of the blasted material decreased, and the depth of compaction of the 
compressible material increased. Kirpichenko (1982) also concluded from small scale 
experiments that as the blast specific energy increased for a row of blast holes, the movement 
of the blast layer increased. 
 
As with Rustan (1970), Zhang (2004) noted that the profile of the blasted material was found to 
extend above the sublevel height for small scale blasts (i.e. the blasted material swelled both 
vertically and horizontally). No details of measured swell factors for the blasted rings are 
provided by the author. Additionally, inter-mixing of blasted and compressible material was 
found to occur at the interface between the two materials. Zhang (2004) refers to this 
intermixing as ‘explosive dilution’, which previously has been observed at a number of 
Russian and Swedish SLC mines (Stazhevskii, 1996). 
 
In summary, small and full scale experiments indicate that swelling of the blasted material and 
compaction of the compressible material occurs under confined conditions. This dynamic 
behaviour appears to be related to a number of parameters including explosive properties, blast 
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design (geometry and initiation), and material properties of both the blasted and compressible 
material. These findings contradict Hustrulid (2000) who concluded that negligible blast 
material swell occurs due to compaction of the compressible material. As noted previously, 
details of full scale experimental work is lacking in the literature. In particular, the 
measurement of full scale swell of blasted material fired into compressible material has not 
been documented (Rustan, 1990). Such measurements are considered important in 
understanding blasting mechanisms in confined conditions and SLC material flow behaviour. 
 
3.2.3 Blasting into a ‘Non-compressible’ Material 
In relation to confined blasting, the term ‘non-compressible’ material refers to in situ rock 
material which undergoes relatively little elastic or plastic deformation during the blasting 
process. With the extreme case of blasting into a non-compressible material, the blasted 
material has little to no space to swell, therefore resulting in ‘tightness’ of the material or even 
‘freezing’. Lovitt and Degay (2004) consider freezing as the worst possible outcome from 
confined blasting, where the explosive energy reconstitutes the rock to a solid mass. From 
small scale experiments, Fedorenko and Kovtun (1977) concluded that void ratios below 6 
percent will result in freezing of the blasted material. Lovitt and Degay (2004) report that for 
drawbell blasting at the Freeport block caving operation, a void ratio of 40 percent is required 
to avoid freezing. For SLC operations, Cullum (1974) notes that blasting into a non-
compressible material will result in a tight, semi-fractured material which will be difficult to 
draw.  
 
Little has been reported in the literature concerning blasting into a non-compressible material. 
What has been reported is predominantly related to destressing of rock masses through 
blasting. Chitombo (1994) defined this destressing by blasting, or ‘preconditioning’, as using 
an appropriately designed blast within a confined zone of a given rock mass in the vicinity of 
an excavation with the aim to reduce the deformation properties of that zone (through local 
fracturing) thus transferring the stresses to the adjacent rock mass or structure. Blasting to 
precondition the rock mass must be able to adequately fracture the rock without doing 
significant damage to surrounding excavations.  
 
Karwoski et al (1979) conducted full scale experiments at the Star-Morning mine in the United 
States, to determine the impact of preconditioning blasts on rock fracturing. From seismic 
velocity surveys of the pre- and post-blast rock mass, it was determined that significant 
fracturing had occurred. Adams et al (1993) conducted similar experiments at the 
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Blyvooruitzicht gold mine, South Africa. From ground penetrating radar studies of the pre-and 
post-blast rock mass, it was determined that confined blasting did extend existing 
discontinuities and generate new fractures. Chitombo (1994) reports preconditioning studies at 
the El Teniente mine, Chile, where borehole cameras were used to assess the degree of blast 
fracturing. The results indicated that significant rock fracturing had occurred predominantly 
around the zone where the explosive charge had been placed. The fractured radius around the 
blast hole was approximated by the length of the explosive charge. 
 
Coursen (1987) outlined experimental work where rock fragmentation and permeability were 
measured before and after successive explosions of columnar charges far from a free face in 
jointed shale under tectonic stresses. Diamond drill cores were retrieved in the vicinity of the 
blasted columns pre- and post-blast to determine the degree and extent of fragmentation of the 
rock mass. The radius of fracturing for blast hole diameters of between 127 mm and 152 mm 
ranged from 5 m to 8 m, depending upon the depth of explosive charge (depths ranging from 
24.5 m to 101.6 m). 
 
Although the literature has indicated that fracturing of the rock does occur for blasts fired into a 
non-compressible material, there is no information relating to the fragmentation distribution 
and looseness of the blasted material. This is understandable, as the work to date has been 
conducted at full scale, and recovery of the blasted material is difficult if not impossible to 
achieve. It is therefore concluded that if the impact of blasting into a compressible material is 
to be further investigated, small scale experiments should be employed.  
 
3.3 SLC Blast Design 
The trend in underground mining has been to increase the scale of mining and, by doing so, to 
try to adapt open pit techniques (Hustrulid, 2000). For SLC operations this has meant the 
development of longer and larger diameter blast holes, and improvements in explosive and 
blasting methods (Stazhevskii, 1996). This has in turn lead to significant mine cost savings due 
to decreased development costs. This trend is summarised in Table 3.4 for some of the key 
mine design parameters for the years 1983 and 2000 at the LKAB SLC in northern Sweden 
(Hustrulid, 2000). Over this period of time the sublevel interval has more than doubled, blast 
burden and hole diameter increased by 70 and 80 percent respectively, and the tonnage per ring 
increased by a factor of ten. The size and capacity of mine haulage equipment has also 
increased accordingly (Hustrulid, 2000).  
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Table 3.4 – Comparison of SLC dimensions (after Hustrulid, 2000) 
Unit Year 1983 Year 2000 
Sublevel interval (m) 12 27 
Sublevel drift spacing (m) 11 25 
Drift size (m) 5 x 4 7 x 5 
Ring burden (m) 1.8 3 
Hole diameter (mm) 64 114 
Tons/ring 1000 10 000 
 
Corresponding to increases in SLC blast geometry, the type of drill pattern has also been 
altered. The ‘classic’ or ‘silo’ drill pattern has been replaced by the ‘practical’ or ‘fan’ drill 
pattern over this period of time (Figure 3.2), which has significantly reduced development 
requirements and costs (Cullum, 1974). Cullum (1974) noted initial problems with the 
transition from ‘silo’ to ‘fan’ drill patterns, in particular coarse fragmentation impacting on 
material flow. No other difficulties with the transition from silo to fan patterns have been 
documented in the literature. 
 
 
Figure 3.2 – SLC ring blast layouts (after Page and Bull, 2001) 
 
A number of authors have outlined guidelines for the design of the SLC blast ring pattern. 
Table 3.5 summarises these design guidelines for blast hole diameter, ring burden, toe spacing, 
toe spacing to burden ratio, ring inclination or dump, shoulder hole drill angle, and design 
powder factor. Although guidelines for SLC ring design have been established in the literature, 
the impact of these designs on blasted material characteristics, which ultimately impact upon 
SLC performance, are not clearly understood. 
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Table 3.5 – Blast ring design guidelines for an SLC mine 
Ring Design Parameter Design Guidelines 
Hole diameter, D (mm) The largest possible holes are more economic, more accurate, are less 
likely to be closed, and can have larger burdens. The current upper limit of 
blast hole diameter is 115 mm (Bull and Page, 2000). 
Ring burden, B (m) B = 20 D for ANFO (Hustrulid, 2000). 
B = 25 D for emulsion (Hustrulid, 2000). 
The current design limits of B is approximately 3 m (Bull and Page, 2000). 
Toe spacing, ST (m) ST = 1.3 B (Bull and Page, 2000; Hustrulid, 2000). 
Toe spacing to burden ratio (ST/B) ST/B = 1.4 (Marklund, 1976) 
ST/B = 1.3 (Bull and Page, 2000; Hustrulid, 2000). 
ST/B = 1.1 to 1.4 (Onederra and Power, 2000). 
Ring inclination or dump, α (°) Little information is documented on ring inclination and the affect of 
different angles (Bull and Page, 2000). 
α = 10° to 20° towards the cave (Bull and Page, 2000). 
Shoulder hole drill angle, β (°) The shoulder holes should be flattened as much as possible, but not so low 
that they choke and misfire (Bull and Page, 2000). 
β > 50° (Bull and Page, 2000). 
Design powder factor (kg/m3) Powder factor at toe = 0.9 to 1.0 kg/m3 (Bull and Page, 2000). 
Powder factor for SLC ring = 0.9 to 1.1 kg/m3 (Bull and Page, 2000). 
 
Blast design for SLC operations can be divided into four broad categories – blast geometry, 
void ratio, explosive properties, and initiation timing. The interaction of these design criteria 
with one another is complex, and is not well understood in the literature. To date a limited 
number of small and full scale experiments investigating the impact of these design criteria on 
blasted material characteristics, such as fragmentation and looseness, have been reported in the 
literature. Although these experiments have been limited, they have indicated a number of 
trends which can be considered significant for SLC blast design. The following sections 
describe in more detail the impact of blast design on confined blasting outcomes, in particular 
its influence in SLC operations. 
 
3.3.1 Blast Geometry 
A number of design guidelines for SLC blast geometry have been outlined in the literature, 
with a summary of these contained in Table 3.5. These guidelines have been developed through 
past site experience at a number of mine sites and relate ring hole diameter, burden, toe 
spacing, ring inclination, and shoulder hole drill angle to one another. Although these 
guidelines are useful for preliminary SLC blast design, they provide no information concerning 
the impact of blast geometry on blasted material characteristics. Limited data is published in 
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the literature concerning the impact of blast geometry on blasted material fragmentation and 
looseness. This is surprising, considering the large amount of experimental work undertaken to 
quantify the impact of surface blast geometry on muckpile fragmentation and heave (Zheng et 
al, 1987; Kojovic et al, 1995; Scott, 1996; Kojovic et al, 1998; Marton and Crookes, 1999; 
Scott et al, 1999; Grundstrom et al, 2001; Paley and Kojovic, 2001; Moagi, 2002; Lavery et al, 
2004). 
 
Spacing and Burden 
As part of a small scale experimental program (summary Table 3.3), Cullum (1974) 
investigated the impact of reduced burden on the blasted material fragmentation and bulk 
density. The burden of the blast rows was reduced from 5.50 cm to 4.12 cm, a reduction of 25 
percent. The impact of blast burden on fragmentation is summarised in Figure 3.3 as P50 versus 
distance of row from the starting slot. For the experimental work it was noted that due to edge 
effects at the free face of the starting slot, coarse fragmentation was produced for the first two 
to three rows fired. The graph in Figure 3.3 indicates that a 25 percent reduction in burden 
reduced the P50 of the blast significantly for any given distance from the starting slot. No clear 
correlation between the burden and the bulk density of the blasted material was noted by the 
experiments. 
 
 
Figure 3.3 – P50 versus distance from starting slot for various burdens (after Cullum, 1974) 
 
Marklund (1976) describes full scale experimental work undertaken at the South Alliance, 
Malmberget , and Kiruna SLC mines where the burden of the blast was increased to reduce 
drill and blast costs. With the increase in burden it was noted that ore recoveries decreased and 
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the rate of blast freezing increased. At the Kiruna SLC it was demonstrated that ore recovery 
was in part a function of blast burden, with a higher burden resulting in lower recovery rates. 
Due to these results, Marklund (1976) argued that double ring blasting would improve ore 
recovery by allowing a reduction in the burden for each individual ring. 
 
Volchenko (1977) utilised small scale experiments (summary Table 3.3) to investigate the 
impact of spacing to burden (S/B) ratios of 0.85 to 1.78 on blast material fragmentation, swell, 
and compaction of the compressible material. The spacing and burden of the blast holes were 
modified to achieve a consistent powder factor for each blast, with the spacing and burden 
ranging from 5.5 cm to 8.0 cm and 4.5 cm to 6.5 cm respectively. The results of the 
experiments indicated that the finest P50 of the blasted material was achieved for an S/B ratio of 
1.4. The highest degree of swell of the blasted material and compaction of the compressible 
material was achieved for an S/B ratio of 1.78, which corresponded to the lowest burden of 4.5 
cm. The results indicate that both spacing and burden are important for blast material 
fragmentation, while the burden is critical for the swell and compaction of the blasted and 
compressible material respectively. 
 
Kosowan (1999) summarises full scale trials at the Stobie SLC operation in Canada to assess 
the impact of blast design and performance on fragmentation and ore recovery. Burdens and 
toe spacings trialed were 2.44 m, 2.74 m, and 3.05 m for both parameters. Powder factors 
ranged from 0.98 kg/t (2.44 m burden and toe spacing) to 0.42 kg/t (3.05 m burden and toe 
spacing). It was concluded that as the burden and toe spacing increased, the fragmentation 
percent passing 250 mm size fraction decreased from 65 % to 32 %, resulting in a decrease in 
ore recovery. Fragmentation was assessed by photographic methods, but no detail of the 
number of photographs taken or method of analysis was documented. 
 
Quinteiro et al (2001) describes full scale experiments undertaken at the LKAB SLC mine to 
investigate the impact of increased ring burden on ore recovery and dilution. The ring burden 
was increased from 3.0 m to 3.5 m for 29 blasts. The results indicated that an increase in ring 
burden resulted in a 32 percent reduction in ore recovery and a 10 percent increase in dilution.  
 
Although the small scale experiments conducted by Cullum (1974) and Volchenko (1977) 
indicate trends in blasted material characteristics with respect to blast spacing and burden, they 
do not take into account several geometric parameters related to SLC blast design. In particular 
they do not model the impact of variable hole spacing and inclination of the SLC blast ring. 
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The full scale experiments reported by Marklund (1976) and Quinteiro et al (2001) show 
indirectly that burden has a significant impact on blasted material characteristics. To date no 
detailed small or full scale experimental work has been reported in the literature that 
investigates the impact of SLC ring spacing and burden on blasted and compressible material 
properties. 
 
Ring Inclination 
The ring inclination has the effect of preventing as much as possible the intermixing of waste 
or, inversely, the intermixing of ore into waste (Janelid and Kvapil, 1966). Janelid and Kvapil 
(1966) proposed a relationship between the ring inclination and the ratio of the particle size of 
the ore (KM) and waste (KG). Table 3.6 summarises this relationship between ring inclination 
and particle size ratio.  
 
Table 3.6 – Ratio of particle size and its impact on ring inclination (Janelid and Kvapil, 1966) 
Ratio of Particle Sizes Ring Inclination 
KM / KG > 1 Ring inclination towards cave 
KM / KG = 1 Ring inclination vertical 
KM / KG < 1 Ring inclination away from cave 
 
A number of small scale experiments conducted by Wregg (1966), Trumbull (1967), Free 
(1970), and McMurray (1976, 1982) contradict the findings of Janelid and Kvapil (1966), and 
suggest that the ring should always be inclined towards the cave or vertical. Altering the ring 
inclination by only a few degrees from its optimum value could have the effect of greatly 
decreasing the extraction efficiency (Free, 1970). 
 
Another factor that needs to be considered when deciding on ring inclination is the degree of 
overbreak at the brow. Overbreak during ring blasting causes an uneven brow, which leads to 
ore funnelling and early dilution during the draw, flooding of broken rock in the drawpoint, 
and difficulties in charging of subsequent blast holes (McMurray, 1982). Free (1970, 1972), 
McMurray (1976, 1982), and Bull and Page (2000) conclude that the final inclination of the 
ring should be towards the cave for both flow and ground control issues. 
 
3.3.2 Void Ratio 
As discussed in Section 3.2.1, the void ratio for a given underground blast design can have a 
significant impact on blast fragmentation. In relation to SLC mining, the void ratio impacts 
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upon blast performance in proximity of the starting slot and production drive, as well as the 
inter-row timing for multiple ring blasting. The literature to date only contains several 
references to the impact of void ratio on SLC blast performance. These references relate to 
small and full scale experiments investigating the impact of both slots and production drives on 
void ratio and blasting outcomes.  
 
As part of a small scale experimental program performed by Cullum (1974) (summary Table 
3.3), the impact of introducing a ‘blasting slot’ on blasted material fragmentation was 
investigated. The blasting slot was defined as a void volume created away from the starting slot 
to improve the fragmentation of the blasted material. Experiments were conducted for blasting 
slots with a void ratio of 27.0 percent (large slot) and 13.5 percent (small slot) at a distance of 
31.5 cm to 34.5 cm from the starting slot. The impact of the blast slot on fragmentation P50 is 
summarised in Figure 3.4. The figure clearly shows a cyclic variation in P50 with respect to the 
starting and blasting slot locations. The fragmentation gradually becomes coarser moving away 
from the starting slot, becomes significantly finer after the blasting slot, and then gradually 
becomes coarser as the distance increases from the blasting slot. The results also indicated that 
the void ratio of the blasting slot had no impact upon the fragmentation results either in size or 
distance from the slot.   
 
 
Figure 3.4 - P50 versus distance from the starting slot for a small and large blasting slot (after 
Cullum, 1974) 
 
For confined blasting, Lovitt and Degay (2004) argue that the void volume can be increased if 
the rock is moved through gravity and/or explosive gases during the blasting process. For SLC 
blasts this additional void volume is provided by the movement of blasted material into the 
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production drive from which the blast holes were drilled. Void volume created by the 
movement of blasted material can be considered a dynamic process, and is strongly dependent 
upon the blast geometry, location of existing voids, and initiation timing. For consistence, the 
term ‘dynamic void ratio’ (Kd) is used in this thesis, and is defined as the percentage ratio of 
the void volume (existing void and dynamically created void) to pre-blast volume of the rock 
to be broken. 
 
Hustrulid (2000) comments that the available swell for blasted material due to the production 
drive volume has reduced with increases in SLC blast geometry size. This is highlighted in 
Figure 3.5, which shows a typical SLC blast geometry in the years 1983 and 2000. The figure 
indicates the portion of the ring that will be able to swell into the production drive if a swell 
factor of 1.2 and 1.5 is assumed for the blasted material. It should be noted that the swell of 
blasted material due to compaction of the caved material was considered negligible in this 
analysis. By comparing the two blast geometries for a swell factor of 1.2, it can be clearly seen 
that the majority of the ring will swell for the 1983 geometry, while for the 2000 geometry less 
than half the ring will swell. Hustrulid (2000) concludes that this reduced swell volume, with 
an increase in SLC ring geometry, has had a detrimental impact upon material flow.  
 
 
Figure 3.5 – Influence of void volume on the SLC ring as a function of scale (after Hustrulid, 
2000) 
 
Quinteiro et al (2001) describes full scale experiments undertaken at the LKAB SLC mine to 
investigate the impact of increased production drive volume on ore recovery and dilution. The 
production drive width was increased from the standard 7 m to 11 m by slashing the walls, 
while the standard 7 m ring blast design was used for both widths. The results indicated a 7 
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percent increase in ore recovery and a 7 percent decrease in dilution by increasing the 
production drive width. This improvement in ore recovery and dilution was explained by an 
increase in the effective extraction width resulting in a wider ellipsoid of loosening and 
therefore a decreased passive zone. Another possible mechanism of this improved recovery 
could have been an increase in the amount of swell of the blasted material, resulting in 
improved flow characteristics.  
 
Although the void ratio has been demonstrated in the literature to have a significant impact 
upon blast fragmentation, the same cannot be said for the dynamic void ratio. The dynamic 
void ratio, although important for the looseness of a portion of the blasted SLC ring, does not 
necessarily impact upon fragmentation and possible ‘freezing’ of blasted material. For the 
dynamic void ratio to be utilised to improve blast material characteristics for flow, an 
understanding of its interaction with blast geometry, location of existing voids, and initiation 
timing is required. 
 
3.3.3 Explosive Properties 
The selection of the most appropriate explosive is an integral part of the blast design and 
optimisation process. The selected explosive must not only deliver the amount of energy 
required to fragment and loosen the target rock, it must also be suited to the prevailing 
conditions (Scott, 1996). A large amount of work has been reported in the literature outlining 
the impact of explosive properties on muckpile fragmentation and heave for surface blasting 
(Kristiansen, 1995; LeJuge and Cox, 1995; Gynnemo, 1996; Hames, 1999; Paley and Kojovic, 
2001; Moagi, 2002). In contrast, little has been reported for underground blasting, especially 
for SLC operations.  
 
Law et al (2001) report improvements in blasted material fragmentation for long hole open 
stoping by changing the explosive from ANFO to bulk emulsion. Two adjacent control panels 
with similar characteristics were selected for the experiment. The panels had comparable drill 
patterns, geological controls, and stress regimes. The work showed that the average 
fragmentation size of the blasted material was reduced from 0.22 m for ANFO to 0.18 m for 
the bulk emulsion. For the Big Bell SLC operation, Yeung et al (1999) report a 25 percent 
improvement in overall drill and blast costs for the transition from ANFO to bulk emulsion 
explosives. Additional benefits in overall blasting performance were also noted, but no details 
of these benefits were provided. 
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A number of authors including Onederra (2001), Fjellborg (2002), Scott (2004), and Zhang 
(2005) have reported decreases in explosive performance due to blast hole damage and 
dislocation, and explosive product desensitisation for SLC ring blasts. To reduce problems 
associated with blast hole damage and dislocation a number of SLC operations have adopted 
pre-charging (Baase et al, 1982; Trout, 2002). Explosive desensitisation leading to malfunction 
of the product has been found to be associated with the centre holes of the SLC ring (Onederra, 
2001; Fjellborg, 2002; Zhang, 2005). Methods to reduce desensitisation include reduction of 
explosive distribution in the central portion of the SLC ring, and changes in initiation timing. 
 
3.3.4 Initiation Timing 
No clear guidelines are outlined in the literature concerning appropriate initiation timing for 
SLC blast rings. Initiation timing can be divided into inter-hole and inter-ring delays (for 
multiple ring blasting). The inter-hole and inter-ring initiation times have been reported to have 
an impact on explosive performance, blasted material fragmentation and swell, and compaction 
of the compressible cave material.  
 
Rustan (1970) investigated the impact inter-hole initiation timing on blasted material 
fragmentation for a 1:75 scaled SLC blast ring (summary Table 3.3). The small scale SLC ring 
geometry consisted of 12 vertical blast holes in a ‘fan’ drill pattern, with detonating cord used 
as the explosive. The short delays were generated by a modular pulse generator, with delay 
times varying from 1 µs to 1 s for the experiments. The results indicated that the finest 
fragmentation was achieved for delay times between 0.1 ms to 1.0 ms.  
 
Volchenko (1977) conducted a series of small scale experiments (summary Table 3.3) to 
investigate the influence of short delay blasting on blasted material fragmentation and swell, 
and compaction of a compressible material. Three rows of holes with the same spacing, 
burden, and powder factor were fired in each experiment into a compressible material 
consisting of crushed concrete with a fragmentation size range of between 1 mm and 25 mm. 
Six initiation schemes were investigated during the study, consisting of row by row, opposite-
diagonal, wave-1, wave-2, wedge shaped, and trapezoidal. Unfortunately, no details of the 
actual initiation timing are provided by Volchenko (1977). The results indicated that the finest 
fragmentation P50 and percentage of oversize (> 40 mm) was achieved for the wave-2 initiation 
scheme, while the greatest swell and compaction of the compressible material was achieved for 
the row by row initiation scheme. 
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Quinteiro et al (2001) reports full scale trials at the LKAB SLC operation investigating the 
impact of inter-hole delays on ore dilution. The experiments were conducted on 10 hole rings 
and involved firing the centre four holes on a short delay, and after a delay of between 100 ms 
and 1000 ms, blasting the other holes in the ring with a delay of 50 ms between holes. A 
significant reduction in dilution was observed for a delay of 300 ms between the inner and 
outer holes of the blast ring.  
 
Although initiation timing has been demonstrated in the literature to have an impact upon 
blasted and flow material characteristics, the mechanisms for this are not clearly understood. 
Limited data indicates that initiation timing is related to improvements in blasted and flow 
material characteristics through the creation of additional swell of the blasted material. For 
multiple ring blasting, initiation timing would be crucial for the creation of a void volume 
behind each blasted ring, while for single ring blasting additional void volume may be created 
due to the compaction of the caved material from the centre holes.  
 
3.4 Rock Mass Characteristics 
The literature reports that the characteristics of the rock mass have the greatest influence on 
surface blasting fragmentation and heave, when compared to blast geometry and explosive 
properties (Ash, 1973; Hagan, 1973; Bhandari, 1975; Badal, 1995; Scott, 1996). Hagan and 
Harries (1979) conclude that if blasting is to become a highly scientific facet of mining 
operations, explosive charges must be matched to the particular rock being excavated. Persson 
et al (1994) conclude that the properties of the rock mass which are important in the context of 
blasting are not easily determined, due to the blasting process not being clearly understood. 
They further conclude that the structural characteristics of the rock mass and the strength and 
fracture properties of its ingredient rocks are important to know as a basis for understanding 
the blasting process. 
 
For SLC blasting, rock mass characteristics can be divided into three broad categories – intact 
rock properties, rock mass discontinuities, and in situ stress. The impact of intact rock 
properties and discontinuity characteristics in surface blasting is well documented in the 
literature (Plank and Fay, 1935; Johnson and Fischer, 1963; Bellend, 1966; Kutter, 1969; 
Grant, 1970; Ash, 1973; Greenland, 1973; Hagan, 1973; Hagan, 1980; Rustan et al, 1983; 
Singh and Sarma (1983); Badal, 1995; Sastry, 1995; Scott, 1996). Unfortunately, the literature 
reports limited information concerning the impact of these characteristics on SLC blast 
performance. To date, intact rock and rock mass discontinuity parameters have been utilised in 
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the modelling of SLC blast dynamics and blasted material fragmentation (Abramov and 
Gorbunov, 1978; Preston, 1995; Lith et al, 2004; Onederra, 2004; Scott, 2004). Input 
parameters for this modelling have been segregated into strength, mechanical, absorption, and 
structural properties of the intact rock and rock mass. 
 
A significant difference between surface and underground blasting environments is the in situ 
stress field. For underground blasting, this in situ stress field could have a significant impact 
upon blast performance. A number of authors including Coursen (1987), Rorke and Brummer 
(1990), Seryakov and Volchenko (2003), and Seryakov et al (2003) have investigated the 
impact of high stresses on blast performance. Experimental work reported by Coursen (1987) 
(summary Section 3.2.3) reports changes in the radius of blast induced fracturing for different 
levels of in situ stress. For lower in situ stresses at a depth of 24.5 m, the fracture radius around 
the blast hole ranged from 7.3 m to 8.3 m. With an increase in in situ stress at a depth of 101.6 
m, the fracture radius around the blast hole was reduced to a range of 5.2 m to 5.8 m.  
 
Rorke and Brummer (1990) discussed the likely impact of high vertical in situ stresses on blast 
fracture orientation for preconditioning blasts. They concluded that in situ stresses would have 
a significant impact upon the blast fracture pattern created. Figure 3.6a illustrates a blast 
fracture pattern created in a low stress environment, while Figure 3.6b indicates the likely 
fracture pattern created under a high vertical stress field. Blast fracturing under a high stress 
mining environment is elongated along the direction of the principal stress direction (Rorke 
and Brummer, 1990; Brady and Brown, 2004).      
 
 
Figure 3.6 – The likely effect of high vertical stresses on blast fracture orientation (after Rorke 
and Brummer, 1990) 
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Two dimensional finite element modelling was undertaken by Seryakov and Volchenko (2003) 
and Seryakov et al (2003) to investigate the impact of in situ stresses on SLC blasting. 
Seryakov and Volchenko (2003) modelled a three row blast initiated with short delays (25 ms 
to 100 ms) under a high stress mining environment at a depth of 800 m. The results of the 
analysis indicated that during the blasting process the in situ stress regime changed, with zones 
of tensile and compressive stresses being established. It was concluded that the blast hole 
charges located in zones of tensile stress (where the rock would fail in tension) could be 
reduced to achieve similar breakage results.  
 
Seryakov et al (2003) modelled a single row of blast holes fired into caved material at a mining 
depth of 500 m. A range of explosive bore hole pressures were modelled to investigate the 
impact of the blasting process on the in situ stress distribution. The results of the modelling 
indicated that the explosive bore hole pressure could be reduced by up to a factor of two to 
achieve similar zones of tensile failure within the blasted rock mass. It was also noted that blast 
holes could be relocated to further increase the zone of tensile failure of the blasted rock mass. 
 
Fjellborg (2002) concludes that geological conditions are not routinely taken into account for 
SLC blast design, and by taking into account these conditions further improvements in blast 
performance would be possible. An understanding of rock mass conditions is considered 
crucial for successful SLC blast design. This has been demonstrated by a large number of 
authors for surface blast design, where geological conditions are routinely incorporated into the 
blast design process. Although modelling work has indicated the importance of rock mass 
characteristics on SLC blast performance, no significant full scale experimental data has been 
presented in the literature to confirm this.  
 
3.5 Conclusions 
Blasting in a SLC has been identified by a number of authors to have a substantial impact upon 
material flow and recovery, and therefore performance. The literature indicates that SLC flow 
behaviour is in part dependent upon a number of blasted material characteristics relating to the 
fragmentation and looseness of the flowing material. Guidelines for SLC blast design have 
been developed through past experience at a number of mine sites. Although these guidelines 
are useful for preliminary SLC blast design, they provide no information concerning the impact 
of blast design on material flow behaviour. This is surprising, considering the conceptual 
importance of blasting to the success of an SLC mining operation.  
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Several analytical and empirical models have been developed to describe SLC blast dynamics 
and its impact upon blasted and caved material characteristics. It is generally accepted that 
SLC blasting occurs under semi-confined conditions, were the blasted material is allowed to 
swell due to the compaction of the caved material and void volume of the production drive. 
The interaction of semi-confined blast conditions, SLC blast design, and rock mass 
characteristics on blast performance is not clearly understood. It is evident that further 
development of SLC blast models are required, to obtain a better understanding of the 
interaction of these parameters and their impact on SLC flow material characteristics. 
 
A number of small and full scale experiments have been reported outlining the impact of 
various SLC blasting factors on blasted material fragmentation and swell, and compaction of 
the caved material. These experiments have been predominantly small scale in nature. Rustan 
(1990) outlines a number of limitations associated with these small scale experiments relating 
to the static, dynamic, and geometric similitude of the model, model material selection, and the 
impact of discontinuities on the model results. Although a number of limitations exist for these 
models, they are still valuable for predicting trends in blasting performance (Cullum, 1974). A 
number of trends have been established from small scale experiments relating blast material 
characteristics to void ratio, degree of confinement, and blast design. To overcome major 
limitations associated with small scale blast modelling, full scale experiments are warranted. 
Cullum (1974) concludes that because of the small scale of the tests, any designs based purely 
on these results may not necessarily be sound. Further small scale tests would therefore be 
unwarranted and the obvious step would be to investigate these results in full scale or near full 
scale test programs under actual mine conditions. 
 
It is proposed to develop an understanding of SLC blast dynamic and its impact upon material 
flow behaviour and recovery through full scale experiments and numerical modelling. By using 
well established and developed monitoring techniques, the influence of drill and blast design 
on material flow behaviour and recovery will be analysed. Advanced numerical modelling 
techniques, calibrated to full scale experimental results, would provide an insight into confined 
blasting mechanisms and its impact on blasted material properties. 
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CHAPTER 4 
 
FULL SCALE MARKER TRIALS AT THE RIDGEWAY SUBLEVEL 
CAVING OPERATION 
 
 
The implementation of full scale SLC marker trials has been noted by a number of authors to 
be crucial for the ongoing success of the mining method. Such trials provide detailed 
information concerning the development and shape of the extraction zone, identify possible 
sources of waste ingress into the ring, and ascertain the degree of flow behaviour variability. 
The marker trials undertaken at the Ridgeway SLC gold mine provide a unique opportunity to 
assess these factors. These trials are considered to be the most comprehensive to date, with 69 
individual ring trials completed from July 2002 to April 2005. For this reason, the Ridgeway 
marker dataset has been used in this thesis to assess and quantify factors influencing material 
flow behaviour. This chapter outlines the experimental procedure followed for the marker 
trials, methodology for delineating and quantifying the extraction zone, general description of 
flow behaviour related to the extraction zone, and general statistical results of material 
excavated from the ring.   
 
 
4.1 Introduction 
The Ridgeway SLC gold operation is located approximately 250 km west of Sydney, 
Australia. The operation is located 3 km to the north west of the Cadia Hill open cut gold mine, 
and approximately 25 km south of Orange, New South Wales (Figure 4.1). The Ridgeway and 
Cadia Hill gold mines form Cadia Valley Operations, which is owned and operated by 
Newcrest Mining Limited. The Ridgeway gold-copper orebody was discovered in November 
1996, with mine construction and commissioning completed in March 2002. The expected 
mine life of the Ridgeway operation is ten years based on current reserves. Average annual 
metal production from the mine at full production will be 280000 ounces of gold and 28000 
tonnes of copper. Production for 2004-2005 was 382000 ounces of gold and 42900 tonnes of 
copper from the treatment of 5.59 million tonnes of ore grading 2.55 g/t gold and 0.86 percent 
copper (Smart and O’Sullivan, 2006).   
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Figure 4.1 – Location map of the Ridgeway SLC operation (after Smart and O’Sullivan, 2006) 
 
The Ridgeway deposit is a structurally controlled gold-copper porphyry orebody characterised 
by stockwork and sheeted quartz veins containing copper sulphides (Smart and O’Sullivan, 
2006). The deposit is centred on a subvertical monzonite stock of the Late Ordovician to Early 
Silurian. The upper portion of the orebody is contained within the Ordovician Forest Reef 
Volcanics, while the lower portion lies in Ordovician sediments of the Weemala Formation 
(Figure 4.2). The orebody has a maximum dimension of approximately 400 m east-west, 250 
m north-south, and in excess of 1000 m vertically (Smart and O’Sullivan, 2006). 
Mineralisation extends over 1000 m in vertical extent, from 500 m below surface and is open 
at depth (Figure 4.2). 
 
A transverse SLC mining method has been adopted for the deposit, with mining beginning at 
the 5330 level (approximately 600 m below surface) and advancing sequentially to depth. 
Sublevel spacing is 25 m between the 5330 level and 5130 level, and 30 m between the 5130 
level and 5040 level (Figure 4.2). Crosscut drives are 6.0 m wide by 4.7 m high, and spaced to 
14 m centres (pillar width 8 m). Blast design consists of a 2.6 m burden, 7 to 10 blast hole 
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pattern, and an emulsion explosive with densities ranging from 0.9 g/cm3 to 1.2 g/cm3. Cave 
propagation was monitored with open drill holes, TDR, and seismic network, with surface 
breakthrough occurring in March 2003 (Figure 4.2). Material handling to surface is achieved 
through a series of orepasses, underground crusher, and conveyor belt to surface.  
 
 
Figure 4.2 – Schematic cross-section through the Ridgeway Deposit looking grid east (after 
Smart and O’Sullivan, 2006) 
 
Full scale marker trials were initiated at the Ridgeway operation in July 2002, and have 
continued through to 2007. The marker trials aimed at quantifying and assessing the geometry 
of the extraction zone, development of the extraction zone over time, variability of flow 
behaviour, and factors affecting flow behaviour (Power, 2004). Ultimately, the trials have 
aimed at improving ore recovery and reducing ore dilution at the Ridgeway mine. Over 25,000 
markers have been installed over a five year period, making these trials the most extensive 
undertaken by an SLC operation to date. The marker trials were adapted from previous 
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experimental studies described by Janelid (1972) and Gustafsson (1998). However, several key 
differences are evident between these earlier experimental trials and those adopted by the 
Ridgeway operation. These include the use of a metal marker (instead of plastic) and the 
reliance of marker recovery within the material handling process (magnetic separation). 
 
4.2 Marker Trial Experimental Method 
The marker trial experimental method adopted by the Ridgeway operation was developed over 
a period of time and is summarised by Power (2004). The trials were adapted from previous 
studies summarised by Janelid (1972) and Gustafsson (1998), and involved the installation of 
individual identifiable markers within the experimental production blast burden to be 
monitored. The marker trial design was based upon a number of requirements summarised by 
Power (2004): 
 
• Recovery of 75 percent or more of markers which report to the drawpoint. 
• Minimal disruption to operations. 
• Cost effectiveness. 
• Minimisation of the effect of the experimental procedure on trial results. 
• Data redundancy, to allow for some markers to be lost without affecting the trial result. 
 
The experimental method can be divided into three broad components – marker design and 
installation, marker ring location and density, and marker recovery. The following sections 
briefly describe each of these components, with a detailed discussion provided by Power 
(2004). 
 
4.2.1 Marker Design and Installation 
Markers were designed to mimic flow behaviour of rock in the mine within the limitations of 
the installation techniques available (Power, 2004). They had to be individually identifiable, 
robust enough to survive the initial blasting process and subsequent cave flow, and be 
recovered in a relatively easy and reliable fashion to ensure sufficient data for further analysis 
(Power, 2004). Based upon these requirements, markers were constructed from 42 mm 
diameter hollow steel pipe (inside diameter 38 mm) cut to 250 mm lengths (Figure 4.3). The 
pipe was filled with cement in an attempt to match the density of the marker to that of the rock 
within the cave. A four letter code was welded on the pipe to uniquely identify each marker 
(Power, 2004).  
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Figure 4.3 – Metal marker used at the Ridgeway SLC operation (after Power, 2004) 
 
Installation of the marker up a drill hole required the installation of a ‘redcap’ and ‘spider’ at 
the base and top of the marker respectively. The redcap was designed to hold the weight of the 
marker in the hole, while the spider was used to centralise the marker during installation 
(Figure 4.3). Markers were loaded into holes by the use of an explosive truck, which allowed 
the distance of the marker up the hole to be accurately measured (Power, 2004). Once 
installation was completed, markers were grouted in place to ensure no movement before 
blasting (Power, 2004).  
 
4.2.2 Marker Ring Location and Density 
Marker ring location and density of markers placed within the ring are important in defining 
the geometry of the extraction zone. The first trial undertaken at the Ridgeway operation used 
241 markers in one ring plane consisting of 13 holes (located 1.3 m from the blast ring plane) 
and an in hole marker spacing of 1 m (Power, 2004). The results of this trial indicated that the 
experimental procedure was sound. It did however highlight that the distribution of markers in 
the burden was not adequate to quantify the extraction zone, in particular the depth of draw 
(Power, 2004). Based upon this finding, further trials were designed with three marker ring 
planes located at 0.65 m (Ring 3), 1.3 m (Ring 2), and 1.95 m (Ring 1) from the blast ring 
plane. A two and three dimensional representation of marker location for a typical three ring 
marker trial can be referred to in Figure 4.4 and Figure 4.5 respectively. 
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Figure 4.4 – Typical two dimensional distribution of markers in a three ring marker trial 
 
 
Figure 4.5 – Typical three dimensional distribution of markers in a three ring marker trial 
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Three ring marker trials usually consisted of 17 marker holes, with approximately 320 markers 
installed per trial. Further refinement of marker ring locations were made after the eighth trial, 
with Ring 3 (located 0.65 m from the blast hole ring) being removed from the experiment. This 
resulted in a total of 11 marker holes being drilled, with approximately 190 markers installed 
per trial. A total of 15 and 53 individual rings were monitored with two and three ring marker 
planes respectively. 
 
4.2.3 Marker Recovery 
The recovery of an adequate number of markers is critical to the success of any full scale flow 
trial. Traditionally, marker recovery has been undertaken visually at the drawpoint with mixed 
success (Section 2.3.2). A three stage approach for marker recovery was designed for the 
initial marker trials reported by Power (2004): 
 
1. The first stage involved the visual identification and collection of markers at the drawpoint 
and LHD bucket. This approach was discontinued after the first trial due to marker 
detection rates being extremely low (the only markers detected were between 100 percent 
and 120 percent draw).  
2. The second stage involved the visual identification and manual collection of markers from 
a conveyor belt after primary crushing. Approximately 50 percent of markers were 
recovered with this method of detection. 
3. The third stage involved the use of two magnets on the conveyor belt system after primary 
crushing to recover the markers. A trial of 100 ‘calibration’ markers placed within the ore 
pass system indicated 100 percent recovery of markers with this method. 
 
Based upon these results, the use of magnetic separation of markers within the material 
handling process was adopted. This method provides a relatively simple method of ensuring 
high recovery rates for markers extracted at the drawpoint. The main disadvantage of magnetic 
separation is that it does not provide detailed information concerning the development of the 
extraction zone over time (i.e. recovery of markers with respect to percentage draw). 
Therefore, the analysis discussed in this thesis is limited to the final extraction zone outline. 
Chapter 8 outlines a developed prototype marker system that combines the benefits of real time 
marker recovery at the drawpoint with high detection rates achieved by magnetic separation 
within the material handling process. This system is based upon radio frequency identification 
(RFID) technology to identify individual markers in an LHD bucket as they pass under a 
transceiver antennae array.   
Chapter 4 – Full Scale Marker Trials at the Ridgeway Sublevel Caving Operation 
 
66 
4.3 Delineation of Extraction Zones 
Delineation of extraction zones within a trial ring were made with information obtained from 
the recovered markers. These zones are broken into five levels or categories defining primary, 
secondary, tertiary, quaternary, and backbreak respectively (the level of recovery for any given 
trial dependent upon the initial location of markers). Three major assumptions are made for 
zone delineation: 
 
1. The extraction zone is delineated as a series of polygons in two dimensions. 
2. 100 percent of markers are recovered by magnetic separation within the material handling 
process (based upon the results of the calibration trial outlined in Section 4.2.3).  
3. Installed marker locations represent the location of markers after the blasting process (i.e. 
markers do not move from their original location during blasting). 
 
Instead of a general ellipsoid shape being fitted to the data, the extraction zone is defined by a 
number of polygons based upon actual markers recovered. Delineation of these polygons is 
based upon a number of criteria or ‘rules’ consisting of: 
 
• Polygon boundary defined by the half way point between two markers (x and y directions). 
• Polygon boundary bound by the blast ring outline. 
• At least two markers adjacent to one another and having the same recovery level (primary, 
secondary, tertiary, quaternary, or backbreak) are required to define an extraction polygon 
(i.e. single markers do not define an extraction zone). 
• Single markers of a different recovery level to those surrounding it may be contained in the 
polygon defining the dominant marker recovered. 
• Markers not recovered in the material handling process are assumed to represent material 
not extracted from the cave to date. 
• Areas within the blast ring that do not contain markers are treated as not being monitored, 
with extraction polygons terminating at these regions (i.e. polygons do not extend into 
areas with no marker coverage). 
 
These criteria are considered important as they provide a systematic and consistent approach in 
defining extraction zones. Although these polygons do not represent the true shape of the 
extraction zone, they do provide an insight into the non-uniform nature of full scale material 
flow. An example of delineated extraction zones for a single marker ring plane can be referred 
to in Figure 4.6.  
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Figure 4.6 – Delineation of extraction zone based upon recovered markers 
 
It is apparent from Figure 4.6 that a relatively dense marker pattern with complete ring 
coverage is required to achieve an acceptable level of confidence for the delineation of 
extraction zones. Without this level of marker coverage the delineation and interpretation of 
these zones would be difficult if not impossible. Appendix A contains the delineation of 
extractions zones for the 69 individual marker trial rings analysed. 
 
4.4 Analysis of Extraction Zone Polygons 
Traditional methods of extraction zone analysis have been dependent upon quantifying the 
depth and width of draw, and the percentage of material recovered (Janelid, 1972; Gustafsson, 
1998; Clout, 2004; Power, 2004). Early full scale marker experiments related the depth and 
width of draw to an assumed ellipsoid shaped extraction zone. Based upon the complex nature 
of the extraction zone polygons delineated for the Ridgeway marker trials, the use of the depth 
and width of draw is not considered a good descriptor for flow behaviour.  
 
For this thesis, the percentage of material recovered from the extraction zone is used to 
quantify flow behaviour. The percentage of material recovered from any given extraction zone 
is represented as both a two and three dimensional calculation. Such an analysis provides 
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detailed information concerning the development of the extraction zone within the blast burden 
and an appreciation of the overall material recovered within the ring. For the two dimensional 
case, the percentage of material recovered for any given extraction level is simply the area of 
the extracted polygon divided by the total area of the blast ring. The three dimensional 
calculation relies on the assumption that each marker ring plane represents a volume of 
material bounded in the third dimension by either the half way point between marker ring 
planes or the boundary of the blast volume. The volume of any given extraction zone is 
therefore represented by Equation 4.1 and Equation 4.2 for two and three marker ring trials 
respectively (with equation terms defined in Figure 4.7). 
 
1 2 1 2 4 2( 0.5 ) (0.5 )
_ _
_ _
D D A D D AExtraction Zone Volume
Blast Ring Volume
+ + +
=  Equation 4.1 
 
1 2 1 2 3 2 3 4 3( 0.5 ) 0.5( ) (0.5 )
_ _
_ _
D D A D D A D D AExtraction Zone Volume
Blast Ring Volume
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=  Equation 4.2 
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Figure 4.7 – Definition of terms used to calculate extraction zone volume 
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For the standard distribution of marker rings within the blast burden (rings located at 0.65 m, 
1.3 m, and 1.95 m), the volumetric calculation for extraction zone recovery highlights three 
major limitations: 
 
1. For two marker ring planes, the volumetric calculation for the extraction zone is biased 
towards marker Ring 2 (0.5D2 + D4 > D1 + 0.5D2). 
2. For three marker ring planes, the volumetric calculation for the extraction zone is biased 
towards marker Rings 1 and 3 (D1 + 0.5D2, 0.5D3 + D4 > 0.5(D2 + D3)). 
3. It is difficult to compare volumetric extraction zone recoveries between two and three ring 
marker trials. This can be primarily attributed to marker Ring 3 being absent for the two 
marker ring trials, thus biasing volumetric recovery results. 
 
Based upon these limitations, emphasis has been placed on the results from two dimensional 
extraction zone polygons for further recovery analysis. 
 
4.5 General Observations of Extraction Zone 
By referring to the extraction zone delineations in Appendix A it becomes immediately 
apparent that these polygons do not correspond to the classical ellipsoid flow theory first 
proposed by Janelid and Kvapil (1966). This confirms findings from later small and full scale 
SLC flow experiments (Frostrom, 1970; Cullum, 1974; Janelid, 1975; Just, 1981; Yenge, 
1981; Peters, 1984; Kvapil, 1992; Stazhevskii, 1996; Gustafsson, 1998; Rustan, 2000; Clout, 
2004; Hollins and Tucker, 2004; Power, 2004) that noted the extraction and movement zones 
were not a true ellipsoid for these particular experiments. 
 
Figure 4.8a and Figure 4.8b show typical delineated extraction zone polygons for marker trials 
6 and 7 respectively (double blast ring trials, two sets of marker rings were run in conjunction 
side by side). Due to early installation of these markers in the trial program (February 2003), 
all recovery levels (primary, secondary, tertiary, quaternary, and backbreak) are shown in 
Figure 4.8. Some general observations can be made concerning the shape and extent of the 
extraction zone: 
 
• The primary extraction zone recovery is highest in Ring 3 (0.65 m from the blast ring) and 
diminishes in Rings 1 and 2. 
• The primary extraction zone recovery is generally made up of one discrete flow zone (or 
continuous flow zone) in Ring 3 and ‘fingers’ of ore recovery in Rings 1 and 2.  
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• The primary extraction zone recovery did not generally reach the width of the blasted ring. 
• The number of markers recovered in the previous ring (backbreak) varied significantly and 
were generally confined to Rings 1 and 2.  
• The extraction zone recovery for secondary, tertiary, and quaternary generally diminishes 
with level of recovery (i.e. secondary is higher then tertiary which in turn is higher than 
quaternary). 
• Secondary, tertiary, and quaternary recovery generally occurs as relatively small discrete 
zones within the blasted ring. 
• Portions of the blasted ring still remain un-recovered after quaternary extraction. 
 
It can generally be concluded that the shape of the extraction zones are irregular in nature (not 
described by an ellipsoid shape), with primary recovery consisting of an area of ‘continuous 
flow’ near the blast ring plane (marker Ring 3) and ‘fingers’ of recovery further from the blast 
ring plane (marker Rings 1 and 2). The backbreak extraction zone is relatively common, with 
highest recoveries occurring in marker Ring 1 (ring plane closet to previously fired blast 
burden). Secondary, tertiary, and quaternary recoveries occur as relatively small discrete zones 
within the blasted material. A quantitative assessment of extraction zone observations can be 
referred to in Section 4.7. Further comments regarding SLC extraction zone geometry are 
discussed in Chapter 7. 
 
4.6 Marker Trial Dataset 
To analyse the results of the marker trials and factors influencing extraction zone recovery a 
detailed dataset was collated (the complete dataset can be referred to in Appendix B). This 
dataset consisted of a number of subcategories related to marker ring location, ring drill and 
blast design, geology, drawpoint geometry and condition, and extraction zone recovery. Data 
related to each of these subcategories are both qualitative and quantitative in nature. The data 
were collected by various Ridgeway mining personnel between July 2002 to April 2005. A 
summary of the dataset sub-categories can be referred to in Table 4.1.  
 
The dataset was filtered by a two stage process in an attempt to remove some of the sampling 
bias from the results. The first stage involved the removal of seven marker trials to create a 
‘modified dataset’ (the modified dataset can be referred to in Appendix B). Removal of these 
trials was due to a number of issues related to significant variations in experimental setup and 
procedure, resulting in discrepancies in extraction zone recovery results. Justification for the 
removal of these trials is provided in Table 4.2. 
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Table 4.2 – Justification for the Removal of Trials for the Modified Dataset 
Marker Trial Reason for Removal from Dataset 
1 Only one marker ring plane installed. 
20 This trial was a double ring trial that was not excavated after blasting (i.e. no primary recovery). 
40 This trial was an experiment to assess prototype electronic markers. Marker installation spacing 
was wider than for the normal trials, with approximately 10 percent of markers recovered 
electronically. 
46 This trial was not excavated after blasting (i.e. no primary recovery). 
54 & 58 These trials were experiments to assess 16 m wide drawpoint spacing (all other trials 14 m 
spacing). 
 
The second stage of filtering involved the removal of marker ring planes that did not have 
marker coverage of at least 80 percent (by area) of the design blast ring outline. A figure of 80 
percent was arbitrarily chosen by visual inspection of marker coverage for all trials. An 
example of poor and adequate marker coverage is shown in Figure 4.9. Poor marker coverage 
of 64 percent is apparent for Ring 2, with no markers located in the apex area of the blast ring. 
Rings 1 and 3, although missing some markers in the apex area, have adequate marker 
coverage of 81 percent and 84 percent respectively. Poor marker coverage can be 
predominantly attributed to missing markers in the apex area of the blast ring.  
 
81 % Marker Coverage 64 % Marker Coverage 84 % Marker Coverage
 
Figure 4.9 – Calculation method for percentage marker coverage of blast ring outline 
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A total of 14 marker ring planes (equating to approximately 8 percent of all marker ring 
planes) had marker coverage of less than 80 percent for the complete dataset. This consisted of 
five (trials 11, 12, 37, 47, and 48), six (trials 18, 23, 29, 34, 36, and 39), and three (trials 25, 
32, and 36) planes for marker Rings 1, 2, and 3 respectively. The filtered dataset, based upon 
removal of trials outlined in Table 4.2 and marker ring planes with less than 80 percent 
coverage is termed the ‘filtered dataset’ (the filtered dataset can be referred to in Appendix B). 
Data analysis in the following sections is based upon the filtered dataset unless otherwise 
stated. 
 
As discussed in Chapter 2, a large number of variables influencing SLC material flow 
behaviour have been identified in the literature. Although the dataset is not exhaustive and 
does not consider all these variables, it provides a comprehensive starting point to investigate 
the influence of various parameters on extraction zone recovery.  
 
4.7 Marker Trial Basic Statistical Analysis and Results 
The analysis and subsequent results from the marker trials undertaken at Ridgeway can be 
divided into two broad categories related to general statistical information and factors 
influencing extraction zone recovery. General statistical information provides details 
quantifying ring recovery which can be directly related to ore recovery and dilution. An 
understanding of the factors influencing extraction zone recovery can lead to improvements in 
operational economics and profitability. Factors influencing extraction zone recovery are 
discussed in detail in Chapter 5.  
 
A basic statistical analysis was undertaken for extraction zone recoveries calculated by area 
and volume. A summary of the overall statistics can be referred to in Table C.1 to Table C.3 
(Appendix C) for the complete, modified, and filtered datasets respectively (also Table 4.3 for 
the filtered dataset). These results are shown graphically in the box and whisker plot contained 
in Figure 4.10 and Figure 4.11 (box and whisker represent the standard error and standard 
deviation respectively, refer Section 6.4.1 for definitions) for recovery by area and volume 
respectively (filtered dataset). The results relating to extraction zone recovery by area confirm 
the general observations from extraction zone delineations discussed in Section 4.5. The mean 
primary recoveries are highest for marker Ring 3 (57.0 %) and subsequently decrease for Ring 
2 (35.0 %) and Ring 1 (18.6 %). Inversely, the secondary, tertiary, quaternary, and backbreak 
recoveries are highest for marker Ring 1 and subsequently decrease for Ring 2 and Ring 3.  
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Figure 4.10 – Box and whisker plot of recovery by area for marker Rings 1, 2 and 3 (filtered 
dataset) 
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Figure 4.11 – Box and whisker plot of recovery by volume for primary to quaternary recovery 
(filtered dataset) 
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The mean extraction zone recovery by volume (Figure 4.11) is highest for primary recovery 
(36.2 %) and in turn decreases through secondary (9.7 %), tertiary (5.4 %), and quaternary 
(1.2%) recoveries. Backbreak recovery is relatively high with a mean recovery of 8.7 percent. 
As discussed in Section 4.4, the volume recovery may differ significantly between two and 
three marker ring trials due to the sampling and calculation methods used. Sub-setting of the 
dataset into two and three marker ring planes is discussed further in this section for total 
recovery values. The standard deviation for recoveries calculated for both area and volume is 
generally high indicating a large degree of variation associated with the data. An example of 
this is primary recovery for marker Ring 3 in which the standard deviation is 12.6 percent, with 
a minimum and maximum recovery value of 13.3 percent to 95.1 percent. A similar result is 
seen for primary recovery by volume with a standard deviation of 12.2 percent, and a 
minimum and maximum value of 5.3 percent to 72.2 percent. 
 
A statistical summary of total extraction zone recovery by area is contained in Table C.4 to 
Table C.6 (Appendix C) for the complete, modified, and filtered datasets respectively (also 
Table 4.4 for the filtered dataset). Total recovery is defined as the accumulated extraction 
zone recovery for any given recovery level. It therefore provides details concerning total 
recovered material from the extraction zone for primary up to quaternary excavation. For this 
analysis total recovery is divided into two components – total recovery including backbreak 
and excluding backbreak. Total recoveries in both cases (including and excluding backbreak) 
for the filtered dataset are highest for marker Ring 3 and subsequently decrease for Ring 2 and 
Ring 1 for all recovery levels. The results are shown graphically in box and whisker plots 
contained in Figure 4.12 (including backbreak) and Figure 4.13 (excluding backbreak).  
 
The graph in Figure 4.12 indicates that the mean total recovery (including backbreak) is 
highest for marker Ring 3 for all levels of recovery (mean total quaternary recovery 77.0 %). 
Mean total recovery (including backbreak) is similar for marker Rings 1 and 2 for primary, 
secondary, and tertiary recoveries. Marker Ring 2 has a significantly higher total quaternary 
recovery (including backbreak) when compared to Ring 1. Figure 4.13 shows that total 
recovery (excluding backbreak) is highest for marker Ring 3 and decreases for Ring 2 and 
Ring 1 respectively for all levels of recovery. This would be expected as backbreak recovery is 
highest for marker Ring 1 and diminishes for Ring 2 and 3 respectively. Total quaternary 
recovery (excluding backbreak) is 43.2 percent, 62.4 percent, and 76.0 percent for marker 
Rings 1, 2, and 3 respectively. 
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Figure 4.12 – Box and whisker plot of total recovery (including backbreak) by area for marker 
Rings 1, 2 and 3 (filtered dataset) 
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Figure 4.13 – Box and whisker plot of total recovery (excluding backbreak) by area for marker 
Rings 1, 2 and 3 (filtered dataset) 
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A statistical summary of total extraction zone recovery by volume is contained in Table C.7 to 
Table C.9 (Appendix C) for the complete, modified, and filtered datasets respectively (also 
Table 4.3 for the filtered dataset). As for the analysis of total recovery by area, this analysis is 
divided into total recovery including backbreak and excluding backbreak. It is further divided 
by trials with two marker ring planes and three marker ring planes. This additional sub-setting 
was instigated to compensate for volumetric biases as discussed in Section 4.4.  
 
The statistical results are shown graphically in box and whisker plots contained in Figure 4.14 
(including backbreak) and Figure 4.15 (excluding backbreak). Mean total extraction zone 
recovery (including backbreak) for three marker ring trials (filtered dataset) was 46.7 percent 
for primary recovery increasing to 68.9 percent for quaternary recovery. For total recovery 
excluding backbreak these figures ranged from 37.4 percent to 60.4 percent for primary and 
quaternary recoveries respectively. As with previous results, the standard deviation for total 
recovery is relatively high for both two and three marker ring trials (including and excluding 
backbreak). Standard deviations range from 8.0 percent (quaternary, three marker ring trial 
including backbreak) to 14.9 percent (secondary, two marker ring trial including backbreak) 
for the trials analysed.  
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Figure 4.14 – Box and whisker plot of total recovery (including backbreak) by volume for 2 and 3 
marker ring planes (filtered dataset) 
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Figure 4.15 – Box and whisker plot of total recovery (excluding backbreak) by volume for 2 and 
3 marker ring planes (filtered dataset) 
 
Total recoveries in both cases (including and excluding backbreak) of the filtered dataset are 
higher for trials with three marker ring planes (Figure 4.14 and Figure 4.15). This would be 
largely due to the issue of the two marker ring trials missing marker Ring 3 (Ring 3 has the 
highest total recovery of the three marker ring planes; refer to Figure 4.12 and Figure 4.13). 
This illustrates the importance of having a high density of markers installed uniformly through 
the blast ring burden. It also illustrates a major limitation of the volumetric recovery 
calculation and its reliance on marker plane density. Three marker ring trials are considered to 
be the most representative dataset for volumetric extraction zone recovery.  
 
4.8 Conclusions 
The implementation of full scale SLC marker trials has been noted by a number of authors to 
be critical for the ongoing success of the mining method. The full scale marker trials 
undertaken at the Ridgeway SLC gold operation are considered to be the most comprehensive 
experiments of their type conducted in the world to date, with 69 individual ring trials 
completed from July 2002 to April 2005. This chapter outlines the experimental procedure 
followed for the marker trials, methodology for delineating and quantifying the extraction 
zone, general description of flow behaviour related to the extraction zone, and general 
statistical results of material excavated from the ring.   
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A number of criteria were defined to delineate extraction zone polygons for the recovered 
markers. These criteria were considered important as they provided a systematic and consistent 
approach in defining extraction zone polygons. A number of assumptions and limitations are 
associated with this method of delineation, but it is felt that they provide a logical method in 
describing a complex geometry. Extraction zone polygons were used to calculate recovery 
based upon an area and volume calculation. A number of assumptions and biases are 
associated with the volumetric calculation. For this reason, recovery by area is considered to be 
the most robust method of analysing extraction zone recovery (however both area and volume 
calculations are analysed in this thesis).  
 
Data from the marker trials were divided into three individual datasets – complete, modified, 
and filtered datasets. The complete dataset contains all data that was collected for the 69 
marker trials. The complete dataset was filtered by a two stage process to remove some of the 
sampling bias from the results. This filtering resulted in the modified and filtered datasets. The 
filtered dataset is used for detailed analysis in this and following chapters. 
 
The analysis and subsequent results from the marker trials undertaken at Ridgeway can be 
divided into two broad categories related to general statistical information and factors 
influencing extraction zone recovery. This chapter discusses the results from a general 
statistical analysis, while Chapter 5 investigates factors influencing extraction zone recovery. 
The main observations and conclusions from the general statistical analysis are: 
 
• Mean primary recovery by area is highest for marker Ring 3 (marker ring plane closest to 
blast ring) and subsequently decreases for Ring 2 and Ring 1 (marker ring plane furthest 
from the blast ring). 
• Mean secondary, tertiary, quaternary, and backbreak recoveries by area are highest for 
marker Ring 1 and subsequently decrease for Ring 2 and Ring 3. 
• Mean backbreak by area is significantly higher for marker Ring 1 when compared to Rings 
2 and 3. 
• Mean extraction zone recovery by volume is highest for primary recovery and in turn 
decreases through secondary, tertiary, and quaternary recoveries. 
• Mean total recovery by area is highest for marker Ring 3 for all levels of recovery (mean 
total quaternary recovery 77.0 % and 76.0 % for inclusion and exclusion of backbreak 
respectively). 
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• Mean total recovery by area (including backbreak) is similar for marker Rings 1 and 2 for 
primary, secondary, and tertiary recoveries. Marker Ring 2 has a significantly higher total 
quaternary recovery when compared to Ring 1. 
• Mean total recovery by volume in both cases (including and excluding backbreak) is higher 
for trials with three marker ring planes when compared to two marker ring planes. This is 
largely due to the two marker ring plane trials missing marker Ring 3, which accounts for 
the highest extraction zone recovery for the three ring planes. 
• Mean total recovery including backbreak by volume for three marker ring trials was 46.7 
percent for primary recovery increasing to 68.9 percent for quaternary recovery. For total 
recovery excluding backbreak these figures range from 37.4 percent to 60.4 percent for 
primary and quaternary recoveries respectively. 
• Standard deviations, lower and upper quartiles, and minimum and maximum values for 
extraction zone recoveries generally indicate a relatively large degree of variability with 
recovery results. 
 
Based upon the statistical analysis results, mean primary recovery by area is 18.6 percent, 35.0 
percent, and 57.0 percent for marker Rings 1, 2, and 3 respectively (filtered dataset). The 
corresponding mean backbreak recovery is 21.6 percent, 3.9 percent, and 0.7 percent for 
marker Rings 1, 2, and 3 respectively. Mean primary recovery by volume (three marker ring 
planes, filtered dataset) is 46.7 percent and 37.4 percent for inclusion and exclusion of 
backbreak respectively. Mean total quaternary recovery by area (including backbreak, filtered 
dataset) is 59.3 percent, 66.7 percent, and 77.0 percent for marker Rings 1, 2, and 3 
respectively. Mean total quaternary recovery by volume (three marker ring planes, filtered 
dataset, including backbreak) is 68.9 percent.  
 
The recovery numbers presented are based upon the method employed to delineate the 
extraction zone polygons. The method adopted provides a systematic process for extraction 
zone delineation, but ultimately does not correspond to the actual extraction zone in the field. 
It does however provide reliable results to further analyse the factors influencing extraction 
zone recovery. Chapter 5 describes in detail the methodology and results of this analysis to 
identify factors influencing extraction zone recovery. 
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CHAPTER 5 
 
FACTORS INFLUENCING FULL SCALE EXTRACTION ZONE 
RECOVERY 
 
 
Flow behaviour has been studied and quantified through a number of theoretical, small and 
full scale experimental programs. These programs have attempted to identify parameters 
which have a significant influence on flow behaviour, and therefore ore recovery and dilution 
results. Parameters directly influencing flow performance have been found to include the 
geometry of the extraction layout and drives, sublevel height, blast ring design, material 
characteristics of the blasted and waste material, and draw control methodology. To date, no 
detailed analysis of factors influencing full scale material flow behaviour in modern SLC 
mines has been documented in the literature. This chapter outlines the analysis undertaken to 
identify factors that influence extraction zone recovery for the Ridgeway marker trial dataset. 
Factors analysed included parameters related to drawpoint location, drill and blast design, 
geology, drawpoint geometry, and draw control. To identify factors influencing extraction 
zone recovery, a Self-Organising Map (SOM) technique was adopted. SOM is considered an 
ideal tool for analysing complex geological and mining datasets, and for extracting 
relationships and patterns that typically are not evident by other means. 
 
 
5.1 Introduction 
SLC material flow behaviour is controlled by the interaction of a wide range of factors (Janelid 
and Kvapil, 1966; Cox, 1967; Just, 1972; Sandstrom, 1972; Janelid, 1975; Cokayne, 1982; 
Kvapil, 1982, 1992; Kosowan, 1999, Bull and Page, 2000; Hustrulid, 2000; Rustan, 2000). 
Early small and full scale experimental results and theoretical calculations were conducted to 
partly investigate the influence of these factors on flow behaviour (Caspar 1960; Finkel and 
Skalare, 1963; Janelid and Kvapil, 1966; Haglund 1968; Free, 1970; Janelid, 1972; McMurray, 
1976). These factors were related to geometric design considerations (sublevel height, crosscut 
spacing, drive geometry, ring inclination, and ring burden), draw control practises (excavation 
strategy and depth of bucket penetration into the blasted material), and cave and ore material 
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properties (friction angle, fragment size, and bulk density). It was clearly demonstrated that 
these factors had a significant impact on early experimental test results. 
 
As SLC geometries increased in scale with advances in drilling, blasting, and equipment 
technologies, it became evident that the relative uniform material flow behaviour described by 
earlier authors was not adequate (Sandstrom, 1972; Cullum, 1974; Janelid, 1975; 
Panczakiewicz, 1977; Alford, 1978; Yenge, 1981; Stazhevskii, 1996; Gustafsson, 1998; 
Kosowan, 1999; Rustan, 2000; Clout, 2004; Power, 2004). Results from the Ridgeway full 
scale marker trials, discussed in Chapter 4, highlight a change to an irregular and asymmetrical 
shaped extraction zone. This change in material flow behaviour led to a reassessment of factors 
which had a direct impact on flow performance. In addition to the traditional geometric, draw 
control, and material flow properties, an additional set of factors related to drill and blast 
parameters were recognised to have a possible impact on observed full scale flow behaviour 
for modern SLC geometries (Gustafsson, 1998; Power, 2004).  
 
The Ridgeway full scale marker trials provide a unique opportunity to assess measured factors 
influencing extraction zone recovery. However, such complex datasets are normally difficult to 
analyse using traditional statistical multivariate methods. This is due to a number of limitations 
associated with variable relationships that are non-linear, data distributions that are not normal, 
and by data that may contain missing values, text, and both continuous and discontinuous 
numerical values (Fraser et al, 2006). A number of modern data mining techniques are 
available to analyse such complex datasets. The most promising of these, for this application, 
is the Self-Organising Map (SOM) technique. The results of a SOM analysis are internally 
derived, in an unsupervised fashion based on measures of vector similarity (Fraser et al, 2006). 
The output is highly visual which assists in understanding and illustrating the data’s structure 
and internal relationships (Fraser et al, 2006). This is considered ideal for attempting to 
understand the interaction of multiple mining and geological parameters on SLC extraction 
zone recovery for the full scale marker trials. 
 
5.2 Self-Organising Map (SOM) 
The SOM technique is a data analysis tool (neural network algorithm) which allows 
visualisation of relationships within and between various fields of complex datasets (Zhou et 
al, 2005). It was first proposed by Kohonen (1981), and has since become one of the most 
popular neural network methods (Vesanto, 2002). The SOM approach has been used in a wide 
variety of fields including finance, industrial control, speech analysis, astronomy, petroleum, 
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and earth sciences (Fraser et al, 2006). The algorithm provides a non-parametric mapping 
(regression) that transforms an n-dimensional representation of high dimensional, nonlinearly 
related data items into a typically two dimensional representation, in a fashion that provides 
both an unsupervised clustering and a highly visual representation of the data’s relationships 
(Fraser and Dickson, 2007).  
 
The main task of SOM is to act as an exploration tool for acquiring an understanding, and for 
generating hypotheses about, the properties of the dataset (Vesanto, 2002). Compared to the 
many alternative algorithms, the strength of the SOM is its versatility. The SOM technique has 
a number of capabilities and advantages that make it ideal for analysing geological and mining 
related datasets, including (Vesanto, 2002; Zhou et al, 2005; Fraser and Dickson, 2007): 
 
• Determining dependencies and relationships between variables and statistical properties of 
individual variables. 
• Identifying clusters or natural groups in the data, and the properties of those clusters. 
• An ability to identify and define subtle relationships within and between diverse data such 
as continuous and categorical variables. 
• No required prior knowledge about the nature or number of clusters within the data 
(unsupervised). 
• No assumptions about statistical distributions of variables or linear correlations between 
variables. 
• Robust handling of missing and noisy data. 
 
Due to the advantages of the SOM technique, the Commonwealth Scientific and Industrial 
Research Organisation (CSIRO) - Exploration and Mining have developed a software package 
called CSOM (CSIRO SOM). CSOM has been specifically developed to utilise SOM for the 
analysis of spatially located geoscience data. This software has been used across a range of 
datasets including soil, rockchip and downhole geochemistry, airborne and downhole 
geophysics, and rock mechanics and geotechnical issues. CSOM is used for the analysis of the 
Ridgeway full scale marker trial results. 
 
5.2.1 SOM Algorithm 
The SOM is a clustering and type of vector quantisation algorithm that automatically orders a 
number of reference or code book vectors in a high dimensional input data space onto a lower 
dimensional output space. The SOM architecture consists of two layers, an input layer and a 
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Kohonen layer (Pandya and Macy, 1996). These two layers are fully connected. Each input 
layer neuron has a feed-forward connection to each output layer neuron. Figure 5.1 illustrates 
the SOM network architecture for the one dimensional case (Figure 5.1a) and the two 
dimensional case (Figure 5.1b). Higher dimensional cases are possible, although rare and 
difficult to draw (Pandya and Macy, 1996).  
 
a. One Dimensional Case
b. Two Dimensional Case
 
Figure 5.1 – SOM architecture for one and two dimensional cases (after Pandya and Macy, 1996) 
 
During training, the SOM finds the output that has the least distance from the training pattern. 
It then changes the node’s weights to increase the similarity to the input vector. It also 
influences the weights of neighbouring nodes. Different input vectors activate different 
winning output nodes that influence different neighbours. The overall effect of this process is 
to move the weights associated with the output nodes such that they map the distribution of the 
input vectors. Consequently, after the training has ended, the weights of each output node 
model the features that characterise a cluster in the input data (Zaknich, 2003).  
 
There are many versions of the SOM but the most basic form is a mapping from an input space 
nR  onto a regular one or two dimensional array of nodes. The SOM is a two layer network. 
There is a parametric weight vector j nw R∈  associated with every output node j . These 
weights are initialised to small random values before training begins. An input vector nx R∈  is 
compared with all the jw  and the best match cw  produces a response at output node c  
(Zaknich, 2003). 
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The SOM is a nonlinear projection of the probability density function of the high dimensional 
input vectors onto the two dimensional array. The best match to output node c  is defined by 
the closest Euclidean distance jx w− , or for computational convenience the closest 
Euclidean distance squared jd  as defined by Equation 5.1 (Zaknich, 2003). 
 
( ) { }222
1
min
n
j c i ci j j
i
d x w x w x w
=
= − = − = −∑   Equation 5.1 
 
The best mapping is one that maps the probability density function ( )p x  in the most faithful 
fashion, which at least preserves the local structure of ( )p x  in the topological map. That is, 
vectors that are close in the feature space will be close in the topological map. During learning, 
the output nodes that are topologically close in the array within a specified distance learn from 
the same input. Starting with small random values for the initial jw , defined as ( )0jw , the 
network converges according to the following rule defined by Equation 5.2 as it is exposed 
sequentially to the input training vectors (Zaknich, 2003). 
 
( ) ( ) ( ) ( ) ( )1j j cj jw k w k h k x k w k + = + −    Equation 5.2 
 
Where k  is the discrete time integer coordinate (learning iteration count) and ( )cjh k  is the 
neighbourhood kernel. The neighbourhood kernel is usually defined around output node c  in 
the topological array as defined by Equation 5.3 (Zaknich, 2003). 
 
( )( ) ,cj c jh k h r r k= −   Equation 5.3 
 
Where 2cr R∈  and 
2
jr R∈  are vectors representing the positions of output nodes c  and j  
respectively, on the two dimensional node array. With increasing c ir r−  the 0cjh → . Initially, 
as the learning progresses the radius of effect of the kernel function reduces linearly with time 
until it stops at some small value, usually at one unit node distance. At that point learning 
continues to achieve network fine tuning (Zaknich, 2003). It should be noted that there is no 
required relationship between the node weights and the spatial locations of the output nodes. 
However, the literature shows examples of two dimensional input spaces and two dimensional 
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spatial arrays. The simplest neighbourhood kernel is a fixed size neighbourhood around node 
c  defined as ( )cN k . The neighbourhood kernel is defined by Equation 5.4 (Zaknich, 2003). 
 
( ) ( )cjh k kα=  if j  is within ( )cN k , or = 0 otherwise  Equation 5.4 
 
Another widely applied kernel function is expressed in terms of a Gaussian function as defined 
by Equation 5.5 (Zaknich, 2003). 
 
( ) ( ) ( )
2
2exp 2
c j
cj
r r
h k k
k
α
σ
 
−
 
= −
 
 
  Equation 5.5 
 
Where ( )kα  is a learning rate parameter and ( )kσ  defines the width of the kernel. Both 
( )kα  and ( )kσ  are some linear monotonically decreasing functions at time k . Typical two 
dimensional output node arrays or maps, and rectangular and hexagonal neighbourhoods may 
look like that shown in Figure 5.2. The resulting accuracy of the mapping depends upon the 
choices for the neighbourhood ( )cN k  and the gain ( )kσ  (Zaknich, 2003). 
 
 
Figure 5.2 – Typical two dimensional topological maps and neighbourhoods (after Zaknich, 
2003) 
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The training algorithm for simplified networks can be summarised in the following six steps 
(Zaknich, 2003): 
 
1. Initialise the weights jw  to small random values. 
2. Present a new input vector x . 
3. Find the output node c  whose weights are closest in the Euclidean sense to the input vector 
using Equation 5.1. 
4. Modify the weight vectors of node c  and its topological neighbours using Equation 5.2. 
5. Modify the neighbourhood size ( )cN k  and the learning gain ( )kσ . 
6. Return to Step 2 and repeat until learning is complete. 
 
After training the weights are saved and used for recognition once the output nodes are 
manually labelled to identify different classes. The recognition algorithm for simplified 
networks after training can be summarised in the following four steps (Zaknich, 2003): 
 
1. Present an input vector x . 
2. Find the output node with the best match to the input vector (winning node). 
3. If the map has been labelled then, output the winning node’s label. If not, output the node’s 
topological location. 
4. Return to Step 1 and repeat. 
 
A detailed discussion of the SOM methodology is provided by Kohonen (2001). 
 
5.2.2 SOM Visualisation 
The SOM is an efficient tool for the visualisation of multidimensional complex datasets. It 
combines vector quantisation and projection which together provide a map of the data giving a 
visual insight to the properties of the dataset (Vesanto, 2002). Visualisation can be divided into 
three broad categories relating to the purpose of data exploration (Vesanto, 2002): 
 
1. Identification of overall shape and possible cluster structure of the dataset.  
2. Analysis of prototype vectors to determine characteristics of clusters and correlations 
between vector components. 
3. Examination of new data samples for classification and novelty detection purposes. 
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For this thesis, cluster identification and characterisation, and correlation between vector 
components is important for determining factors influencing extraction zone recovery. The 
cluster structure of the SOM is typically visualised using distance matrix techniques (Vesanto, 
2002). The most widely used of these techniques is the ‘unified distance matrix’ (U-matrix), in 
which distances of each map unit to each of its immediate neighbours are calculated and 
visualised using gray or colour shade (Vesanto, 2002; Fraser and Dickson, 2007). Figure 5.3a 
shows an example of the U-matrix visualisation. The white dots indicate locations of map units 
and hexagons between them show the actual values of the U-matrix. The gray shade of the 
hexagon denotes distance to the neighbouring map unit: the darker the shade, the further the 
distance. Thus, clusters in the visualisation can be seen as light areas with dark borders. Figure 
5.3b is the averaged version of the U-matrix, with the size of each map unit being proportional 
to its average distance to its neighbours. This gives essentially the same information as Figure 
5.3a. Figure 5.3c illustrates the similarity visualisation of the map with areas of similar hues 
being close to each other in the input space (Vesanto, 2002).  
 
 
Figure 5.3 – Distance matrix techniques to visualise SOM cluster structure (after Vesanto, 2002) 
 
After gaining an appreciation of overall cluster characteristics of the dataset, the prototype 
vectors can be studied more closely. For this, ‘component planes’ or ‘component plots’ play a 
key role (Vesanto, 2002; Fraser and Dickson, 2007). Each component plot consists of the 
values of a single vector component in all map units. An example of component plots is shown 
in Figure 5.4a. The component plots can be used to find correlations between variables. 
Correlations between component pairs are revealed as similar patterns in identical positions of 
the component plots. Pattern matching is something that the human eye is very good at, and it 
is further enhanced by the regular shape of the map grid (Vesanto, 2002).  
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Figure 5.4 – An example of component and reorganised planes (after Vesanto, 2002) 
 
Identification of correlations can be made easier if the component plots are reorganised so that 
possible correlated ones are presented near each other (‘reorganised plane’ or ‘component 
correlation plots’) as shown in Figure 5.4b. An example of a possible correlation between three 
variables is shown by the framed plots in Figure 5.4a and Figure 5.4b. Note that for the 
component correlation plots, the three correlated variables are in close proximity to one 
another.  
 
It is important to note that the SOM algorithms are designed to detect clusters, and not 
correlations between components (Vesanto, 2002). The perceived correlations may actually be 
artefacts induced by the cluster structure of the map, incorrect folds on the map, or by the 
limited visual accuracy of the method. However, the method does provide a methodology to 
identify possible correlations for further investigation and analysis (Vesanto, 2002). 
 
5.3 SOM Analysis of the Ridgeway Dataset 
Results from the Ridgeway full scale marker trials provide a unique opportunity to identify and 
examine factors influencing extraction zone recovery. Due to the complex nature and size of 
the dataset, the SOM methodology was recognised as a means to undertake this task. The 
program CSOM (SOM method developed by the CSIRO) was used in a three stage analysis 
process to investigate: 
  
1. Overall cluster characteristics for the entire dataset utilising U-matrix plots and K-means 
clustering. 
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2. Possible correlations through the use of component and component correlation plots, and 
associated correlation coefficient values.  
3. Spatial relationships through the use of spatial plots of the SOM cluster colouring. 
 
By gaining an appreciation of overall cluster characteristics of the dataset and studying 
component, component correlation, and spatial plots an understanding of the complex 
interaction between parameters can be attempted. One of the main benefits of the program 
CSOM is that it provides an interface that allows the user to easily generate these plots and 
explore the dataset. 
 
5.3.1 SOM Dataset 
To investigate the influence of various parameters on extraction zone recovery, a SOM 
analysis was conducted on the filtered marker trial dataset (Section 4.6 and contained in 
Appendix B). Based upon the limitations outlined in Section 4.4, only two dimensional 
extraction zone recoveries were used for this analysis. Recovery values analysed were 
subdivided into recovery (primary to quaternary) and total recoveries (including and excluding 
backbreak) for marker Rings 1, 2, and 3 (total of 39 recovery parameters).  
 
Parameters investigated for possible correlation to extraction zone recoveries were broadly 
divided into four categories – trial location, blasting, drawpoint, and geological parameters 
(total of 29 parameters). Particular parameters were chosen based upon those identified in the 
literature to influence recovery, and the extent and reliability of their associated dataset. The 
marker trial locations were described by the northing, easting, and R.L. of the centroid of the 
blast ring located at the roof of the production drive. A summary of the blasting, drawpoint, 
and geological parameters investigated are contained in Table 5.1 and discussed in the 
following sections.  
 
Blasting Parameters 
Blasting parameters relate to the actual implemented drill and blast design recorded by mine 
personnel. They can be subdivided into blast hole geometry (number of blast holes, toe 
spacing, spacing/burden ratio), explosive distribution (total charge length, powder factor, 
model peak particle velocity (PPV) rock breakage criteria), explosive properties and initiation 
(explosive sleep time, nominal delay time, and primary detonator location), and blast 
performance (detonation issues related to vibration monitoring records). For the dataset 
analysed explosive type (emulsion), blast ring dump angle (10° towards the cave), and blast 
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hole diameter (102 mm) were the same for all trials. A detailed description of blasting 
parameters is provided in Chapter 6 (blast hole geometry and explosive distribution) and 
Chapter 7 (blast performance).  
 
Drawpoint Parameters 
Drawpoint parameters relate to the observed conditions at the drawpoint during excavation of 
the blasted marker trial ring. Parameters can be subdivided into actual drawpoint geometry 
(drawpoint height, width at gradeline (1.5 m above floor level), width at brow (estimated by 
site personnel)), material hang-up and fragmentation (hang-up present (yes or no), 
fragmentation uniformity index calculated from photographic analysis, number of oversize 
particles greater than one metre in length), and actual percentage of material drawn (relative to 
design tonnage of blast ring). Material hang-up and fragmentation assessments were made by 
site personnel every 200 to 300 tonnes excavated (during ore sampling for grade control 
purposes). 
 
Geological Parameters 
Geological parameters relate to the number of fault structures and degree of quartz veining 
(veins per metre) observed in the roof of the production drive (in the blast burden of the 
marker ring trial). These parameters are routinely recorded by site geologists for every 
development advance taken. Fault parameters are subdivided into the number of thrust (dip < 
45°), vertical (dip > 45°), and total number of fault structures. It should be noted that these 
parameters only represent faulting and veining in the vicinity of the production drive and not 
over the entire height of the blast ring. It however provides an indicative guide to the degree of 
geological structure influencing the marker trial blast.  
 
5.3.2 SOM Analysis Parameters 
SOM parameters implemented for the analysis of the Ridgeway dataset are summarised in 
Table 5.2. They can be broadly divided into parameters related to the SOM map, input data, 
and SOM processing (initialisation and training). Several parameters must be set before 
executing the SOM – map size (width and height), topology (lattice and shape), neighbourhood 
function (Gaussian or linear) and radius, and the starting learning rate. The size of the map 
depends on the amount of detail visualised; the more units, the more distinct features that can 
be distinguished (for this analysis a map size of 15 x 11 was adopted). The lattice type selected 
is a hexagonal network, in which the distances to all six neighbours of a unit are equal. 
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Table 5.2 – SOM Analysis Map, Data, and Processing Parameters 
Parameter Value Description 
SOM Map 
Input Dimension 68 Number of data input parameters. 
Map Grid Size 15 x 11 Horizontal x vertical size of the map. 
Lattice Type Hexagonal Topology of the map (rectangular or hexagonal). 
Shape Toroid Shape of the map. 
Data 
Vector Dimension 68 Number of vectors (related to number of input parameters). 
Number of Data Vectors 60 Number of vectors excluding spatial and cat. Parameters. 
Complete Values 3065 of 4080 (75 %) Number of data points (excluding missing data points). 
SOM Processing 
Initialisation 
Initiation Random Initialisation of vectors (random or linear). 
Training 
Neighbourhood Gaussian Neighbourhood learning kernel (Gaussian or linear). 
Initial Radius (Rough) 13 Initial first phase (rough) neighbourhood radius. 
Initial Radius (Fine) 4 Initial second phase (fine) neighbourhood radius. 
Final Radius (Rough) 4 Final first phase (rough) neighbourhood radius. 
Final Radius (Fine) 1 Final second phase (fine) neighbourhood radius. 
Training Length (Rough) 35 First phase (rough) learning rate. 
Training Length (Fine) 700 Second phase (fine) learning rate. 
 
The training was done in two phases – a rough training with large initial neighbourhood radius 
and learning rates, and a fine tuning with small neighbourhood radius and learning rates. The 
neighbourhood radius represents the set of neighbourhoods that are going to be updated along 
with the winning node during training. This value decreases during the training process. 
 
5.3.3 SOM Cluster Analysis 
The first step in the SOM analysis is to gain an appreciation of the overall shape and possible 
cluster structure of the dataset. The cluster structure of the SOM is typically visualised using 
distance matrix techniques, with the most common method utilised being the U-matrix plot. 
The U-matrix indicates the closeness between adjacent nodes on the map, typically in terms of 
Euclidean distance. A colour-temperature scale is used so that cooler colours (blue) separate 
adjacent nodes that are closer (similar), and hotter colours indicate larger Euclidean 
separations (different). To assist in this display, alternate ‘dummy’ nodes are added to the U-
matrix and these are coloured according to the distance between adjacent nodes; whereas the 
nodes that represent actual vectors are coloured according to the average of the distances to its 
neighbours. This representation gives rise to a topographic analogy in that there are valleys of 
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(blue) nodes that are similar, separated by walls of higher temperature coloured (red) nodes 
that represent class boundaries or samples belonging to different groupings (Fraser and 
Dickson, 2007). Figure 5.5 shows the U-matrix plot for the Ridgeway dataset.  
 
 
Figure 5.5 – U-matrix plot of the Ridgeway marker trial dataset 
 
Figure 5.5 shows that the dataset consists of a number of high temperature nodes that represent 
dividing walls between the low temperature nodes. Visual examination of the plot quickly 
shows distinctive areas of low temperature nodes. To obtain an idea of the division of these 
low temperature zones, the K-means algorithm was applied for the clustering of the U-matrix 
plot in Figure 5.5. The K-means method is a well known non-hierarchical cluster algorithm. 
The method begins by randomly picking K cluster centres, assigning each point to the cluster 
whose mean is closet in a Euclidean distance sense, computing the mean vectors of the points 
assigned to each cluster, and using these as new centres in an iterative approach (Heikkinen et 
al, 2007). For the analysis of the Ridgeway dataset, five clusters were arbitrarily chosen for the 
K-means algorithm (based upon the visual assessment of the U-matrix plot). The results of the 
clustering analysis are shown in Figure 5.6 (clusters are colour coded and labelled to clearly 
identify each cluster). 
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Cluster 1
Cluster 2
Cluster 4
Cluster 3
Cluster 5
 
Figure 5.6 – Clustering of the U-matrix plot of the Ridgeway marker trial dataset (5 clusters) 
 
The clustering of the U-matrix provides a method to assess differences in parameter 
characteristics between the five clusters. This provides an insight into the importance of 
specific parameters on cluster delineation. In turn, this can identify parameters which have a 
strong influence on the dataset. Marker trial results were subdivided based upon the five 
clusters delineated, with the resulting dataset analysed (i.e. marker trial results subdivided into 
five groups depending upon which cluster individual trials report to). To determine the 
influence of specific parameters on cluster delineation the following methodology was 
employed: 
 
• If the cluster mean parameter value ( CX ) is greater than or equal to the addition of the 
overall parameter mean value ( AX ) and half the standard deviation ( Aσ ) (i.e. 
2
A
C AX X
σ≥ + ) then this parameter has an influence on cluster delineation (denoted by 
‘H’ in Table 5.3). 
• If the cluster mean parameter value ( CX ) is less than or equal to the subtraction of the 
overall parameter mean value ( AX ) from half the standard deviation ( Aσ ) (i.e. 
2
A
C AX X
σ≤ − ) then this parameter has an influence on cluster delineation (denoted by 
‘L’ in Table 5.3). 
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The results of this analysis are summarised in Table 5.3. Parameters with 
2
A
C AX X
σ≥ +  and 
2
A
C AX X
σ≤ −  are denoted with ‘H’ (highlighted in orange) and ‘L’ (highlighted in blue) 
respectively. The ‘H’ and ‘L’ values indicate that the mean parameter value for a specific 
cluster is significantly higher or lower than the mean value for the entire dataset respectively. 
This provides a method to examine cluster characteristics, in particular the combination and 
nature of parameters influencing cluster delineation. Additionally, it provides an overall 
measure of the importance of parameters in defining these clusters.  
 
Table 5.3 – Summary of Cluster Parameter Characteristics 
Parameter 
Parameter Statistics Cluster 
Mean ( AX ) S.D. ( Aσ ) 1 2 3 4 5 
Bl
a
st
in
g 
No. of Blast Holes 7.50 0.75 - L H L H 
Toe Spacing (m) 3.56 0.35 - H L H L 
Spacing /Burden Ratio 1.37 0.15 - - L H L 
Actual Charge Length (m) 110.62 13.04 - L H L H 
Actual Powder Factor (kg/m3) 1.22 0.14 H L H L H 
PPV Area 0.00 m (%) 82.90 6.78 - L H L H 
PPV Area 0.65 m (%) 84.98 7.62 H L H L H 
PPV Area 1.30 m (%) 72.44 9.80 H L H L H 
PPV Area 1.95 m (%) 20.68 10.89 H - - - - 
PPV Area 2.60 m (%) 0.43 2.12 H - - - - 
PPV Volume (%) 55.10 6.76 H L - L - 
Explosive Sleep Time (days) 19.73 6.72 - - L H L 
Nominal Delay Time (ms) 50.44 13.76 - - - - H 
Primary Det. Location - - - - H L - 
Detonation Issues - - - - L H L 
D
ra
w
po
in
t 
Drawpoint Height (m) 4.44 0.35 H - L H - 
GL Drawpoint Width (m) 5.93 0.47 - - - H L 
Brow Drawpoint Width (m) 4.69 0.61 - H - - L 
Hang-ups - - - - - - - 
Fragmentation 2.02 0.37 - - - - - 
Oversize Count 6.10 6.30 L - - - - 
Actual Percent Draw (%) 133.19 19.25 - - - - - 
G
eo
lo
gy
 
No. of Thrust Faults 0.10 0.35 L - - - - 
No. of Vertical Faults 0.31 0.67 - - - - - 
Total No. of Faults 0.40 0.71 L - - - - 
Degree of Veining 10.63 8.96 H L - - - 
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The results in Table 5.3 indicate that blasting parameters have a significant impact on cluster 
delineation when compared to drawpoint and geological parameters. Of these blasting related 
factors the number of blast holes, toe spacing, charge length, powder factor, and PPV breakage 
criteria parameters have the most significant impact on cluster delineation. Parameters having 
a lesser impact on cluster delineation include the blast spacing to burden ratio, explosive sleep 
time, blast detonation issues, and drawpoint height.  
 
5.3.4 SOM Correlation Analysis 
The SOM approach provides a rigorous methodology to identify possible correlations for 
further data exploration and analysis. As discussed in previous sections, correlations can be 
identified by component and component correlation plots, and associated correlation 
coefficient values. The SOM correlation analysis concentrated on identifying possible 
correlations between parameters discussed in Section 5.3.1 and extraction zone recovery 
values (a total of 65 parameters). A list of these parameters and associated SOM parameter 
codes (identification labels for component and component correlation plots) can be referred to 
in Table 5.4.  
 
The individual component plots of the ‘contribution’ of each input variable to the SOM can 
provide fundamental insight to the relationships, within and between the variables and samples 
of the dataset (Fraser et al, 2006). Component plots of the SOM for the Ridgeway dataset are 
shown in Figure 5.7. Because each node is a vector in the data space defined by the input 
variables, it is possible to visualise each node’s contribution for a particular variable. The 
values are displayed using a colour-temperature scale so that low values (of the variable in 
question) are displayed as blue and high as red. It is then possible to use standard image 
processing procedures, such as principal components analysis, to determine relationships and 
trends amongst the images (Fraser and Dickson, 2007). To assist in the comparison between 
component plots in Figure 5.7, this analysis was undertaken and is shown as the component 
correlation plot in Figure 5.8. 
 
The plots in Figure 5.7 provide a visual representation of the data so that similarities between 
the component plots indicate similarities and correlations between the various parameters. The 
proximity of component plots with one another in Figure 5.8 (component correlation plot) 
indicates similarities between the plots, and therefore possible correlations within the dataset. 
Similar contour matches in the plots indicate a proportional relationship between the
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parameters, while an inverse colour match (blue and red ‘flipped’ around) indicate an inverse 
relationship. Referring to the component correlation plot (Figure 5.8), the following general 
observations can be noted: 
 
• The majority of total extraction zone recovery parameters (including and excluding 
backbreak) are located in the bottom right quadrant of the plot.  
• Extraction zone recovery parameters relating to primary, secondary, and tertiary recovery 
are located in the top right quadrant of the plot. Quaternary and backbreak recoveries are 
generally dispersed in the top left quadrant of the plot. 
• Number of blast holes (RD_NBH), total charge length (ATCL), powder factor (APF), and 
PPV breakage criteria (PPVAP0.00, PPVAP0.65, PPVAP1.30) blast parameters are 
located in the top far right corner of the plot. Blast detonation issues (DetIss) and explosive 
sleep time (EST) are located in the far left midpoint of the plot. 
• The number of thrust faults (NoThrstFlts) and drawpoint width at gradeline (DGDPWaG) 
are located in the far left midpoint of the plot.  
• Other parameters related to drawpoint and geological characteristics are located through 
the central section of the plot. 
 
Visual assessment of Figure 5.7 and Figure 5.8 shows that a large number of blast parameters 
are potentially related to a number of extraction zone recovery parameters. The number of 
blast holes, total charge length, powder factor, and PPV breakage criteria parameters appear to 
be directly related to selected recovery parameters. Blast detonation issues and explosive sleep 
time appear to be inversely related to selected recovery parameters. Non-blasting parameters 
identified to influence recovery include the number of thrust faults and drawpoint width at 
gradeline. Both these parameters appear to be inversely related to selected recovery 
parameters.  
 
Various other relationships could be argued from the component correlation plot in Figure 5.8.  
However, because the plot is only the PC#1 – PC#2 plane, parameters that appear close in the 
projection could still be significantly removed from each other if other component projections 
were used (Fraser et al, 2006). The relations identified in Figure 5.8 are a first approximation 
only. A more formal estimate of the relationships between particular input parameters can be 
ascertained by computing the correlation coefficient between a particular component and the 
rest of the component variables (Fraser et al, 2006). Table 5.5, Table 5.6, and Table 5.7 
summarise the correlation coefficients between various parameters and extraction zone
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recovery parameters. Recovery parameters are subdivided into individual recoveries, total 
recovery including backbreak, and total recovery excluding backbreak in Table 5.5, Table 5.6, 
and Table 5.7 respectively.  
 
The correlation coefficient value ranges from a value of -1 to 1. A correlation coefficient 
greater than or equal to 0.50 indicates a significant relationship between two parameters 
(Fraser et al, 2006; Fraser, 2007). A correlation coefficient less than or equal to -0.50 indicates 
a significant inverse relationship between two parameters (Fraser, 2007). Cells in Table 5.5, 
Table 5.6, and Table 5.7 with correlation coefficients greater that 0.50 and less than -0.50, 
were highlighted in orange and blue respectively. The highlighted cells confirm the results 
obtained from the component correlation plots and cluster analysis in Section 5.3.3 regarding 
parameters influencing recovery. The following sections discuss in detail parameters 
influencing extraction zone recovery, total extraction recovery including backbreak, and total 
extraction zone recovery excluding backbreak.  
 
Extraction Zone Recovery 
Of the parameters analysed, blasting related factors were found to dominate correlations with 
extraction zone recoveries. In particular, blasting was found to be strongly related to primary 
recovery in marker Ring 3, and to a lesser extent tertiary recoveries in marker Ring 1 and 3. 
For primary recovery in marker Ring 3, blasting parameters correlating with recovery were 
powder factor, PPV breakage criteria, explosive sleep time (inverse), blast detonation issues 
(inverse), and nominal delay time. Similar parameters were noted to impact tertiary recovery in 
marker Ring 3 (additional parameter of charge length also impacted this recovery). Tertiary 
recovery in marker Ring 1 was influenced by the number of blast holes, toe spacing (inverse), 
spacing to burden ratio (inverse), charge length, PPV breakage criteria, and detonation issues 
(inverse). It should also be noted that backbreak recovery in marker Ring 1 and 2 was 
inversely related to nominal delay time. 
 
From the observations discussed above, blasting parameters have the largest influence on 
marker Ring 3. This is not surprising considering that this marker ring is closet to the blast ring 
plane and therefore the most likely to be impacted by blasting. It is also interesting to note that 
secondary recovery is not influenced by blasting parameters (except for primary detonator 
location marker Ring 3), but in turn tertiary recovery is (marker Rings 1 and 3). No reason for 
this observation is apparent, except possibly for the offset of production drives from one SLC 
level to the next (primary production drives are located directly above tertiary production 
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drives). An inverse relationship related to detonation issues indicate that no detonation 
problems correlate to increased recovery.  
 
Drawpoint and geological parameters found to correlate with extraction zone recovery include 
drawpoint width at gradeline and brow (inverse), the number of drawpoint hang-ups, oversize 
count, percent draw, number of thrust faults (inverse), and degree of veining. Of these 
parameters, only drawpoint width at gradeline, percent draw, and degree of veining had 
correlations on a significant number of recovery parameters. Drawpoint width at gradeline is 
inversely related to primary recovery in marker Rings 2 and 3, and tertiary recovery in marker 
Ring 3. Actual percent draw is inversely related to secondary recovery in marker Rings 1 and 
3, and directly related to quaternary recovery in marker Ring 1. The degree of veining was 
found to correlate to secondary recovery for all three marker ring planes. 
 
Total Extraction Zone Recovery (Including Backbreak) 
As for extraction zone recovery, blasting parameters dominated correlations with total 
recovery including backbreak. Charge length, powder factor, PPV breakage criteria, explosive 
sleep time (inverse), and blast detonation issues (inverse) related to recovery parameters for all 
levels of recovery (primary to quaternary). Additionally, the number of blast holes, toe spacing 
(inverse), spacing to burden ratio (inverse), and primary detonator location related to total 
secondary to quaternary recovery parameters. For total primary recovery, all identified 
correlations were associated with marker Ring 3. For total secondary and tertiary recovery, 
correlations were associated with marker Rings 2 and 3, while for total quaternary recovery 
they were predominantly associated with marker Rings 1 and 3. 
 
As with extraction zone recovery, blasting parameters are only related to marker Ring 3 for 
total primary recovery (this would be expected as primary extraction zone and total primary 
extraction zone recoveries are similar). Differing to extraction zone recovery, these 
correlations are generally extended to total secondary recovery for marker Rings 2 and 3. A 
possible explanation of the disparity is that the primary recovery component dominates the 
total secondary recovery value (i.e. primary recovery is much higher than secondary recovery). 
Table 4.4 shows that the difference between the mean total primary (57.8 %) and secondary 
(64.2 %) recoveries for marker Ring 3 is only 6.4 percent. With primary recovery for marker 
Ring 3 being highly correlated to blasting parameters, this could lead to correlations being 
extended to total secondary recovery. This argument could also be extended to total tertiary 
and quaternary recovery relationships.    
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Drawpoint and geological parameters found to correlate with total extraction zone recovery 
include drawpoint height (inverse), drawpoint width at gradeline (inverse), number of thrust 
faults (inverse), and number of vertical faults. Of these parameters, only drawpoint width at 
gradeline and number of thrust faults had correlations with a significant number of total 
recovery parameters. Drawpoint width at gradeline is inversely related to total primary, 
secondary, and tertiary recovery in marker Ring 3. The number of thrust faults is inversely 
related to total primary to quaternary recovery in marker Ring 3, and total secondary and 
tertiary recovery in marker Ring 2. 
 
Total Extraction Zone Recovery (Excluding Backbreak) 
Correlation results for total extraction zone recovery excluding backbreak were similar to those 
obtained for total extraction zone recovery including backbreak. Blasting parameters correlated 
to recovery parameters for all levels of recovery (primary to quaternary) were powder factor, 
PPV breakage criteria, and blast detonation issues (inverse). Additionally, toe spacing 
(inverse), charge length, explosive sleep time (inverse), and nominal delay time were related to 
selected total secondary, tertiary, and quaternary recovery parameters. For total primary 
recovery, all identified correlations were associated with marker Ring 3. For total secondary 
and tertiary recovery, correlations were dominantly associated with marker Rings 2 and 3, 
while for total quaternary recovery they were predominantly associated with marker Ring 3. 
 
Drawpoint and geological parameters found to correlate with total extraction zone recovery 
include drawpoint height (inverse), drawpoint width at gradeline (inverse), percent draw 
(inverse), and number of thrust faults (inverse). Of these parameters, only drawpoint width at 
gradeline and number of thrust faults had correlations with a significant number of total 
recovery parameters. Drawpoint width at gradeline is inversely related to total primary to 
quaternary recovery in marker Ring 3, and total primary recovery in marker Ring 2. The 
number of thrust faults is inversely related to total primary to quaternary recovery in marker 
Ring 3, and total secondary and tertiary recovery in marker Ring 2. 
 
Blasting, Drawpoint, and Geological Inter-Parameter Correlations 
The correlation analysis indicates that a number of parameters are directly or inversely related 
to extraction zone recoveries. To further understand the interaction of these correlations, an 
analysis of ‘inter-parameter’ correlations between blasting, drawpoint, and geological 
parameters was undertaken. The results of the analysis is summarised in Table 5.8, with orange 
and blue highlighted cells indicating direct and inverse relationships respectively. The results 
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indicate that a number of blast parameters are inter-related to one another (i.e. not independent 
of one another), as well as to a number of drawpoint and geological parameters. Only a small 
number of inter-parameter relationships exist between drawpoint and geological parameters. 
Relationships between blasting parameters include: 
 
• Explosive distribution parameters (powder factor and PPV breakage criteria) related to drill 
and blast design parameters (number of blast holes, toe spacing, spacing to burden ratio, 
and charge length). This is not surprising, considering that changes in drill and blast 
parameters (i.e. decrease in the number of blast holes would result in an increase in toe 
spacing and spacing/burden ratio and a decrease in charge length) would have a direct 
impact on explosive distribution (i.e. decrease in number of blast holes leading to less 
explosive and therefore a decrease in powder factor and PPV breakage criteria values). 
This provides direct evidence that the SOM methodology is identifying correct 
relationships and trends in the dataset. 
• Explosive sleep time is directly related to toe spacing, spacing/burden ratio, and blast 
detonation issues and is inversely related to the number of blast holes, powder factor, and 
PPV breakage criteria. This would indicate a time and spatial dependency between 
explosive sleep time and drill and blast design (i.e. explosive sleep time increased as blast 
powder factor was decreased with time and in the lower sublevels).  
• Blast detonation issues directly related to toe spacing, spacing/burden ratio, and explosive 
sleep time and inversely related to number of blast holes, charge length, powder factor, 
PPV breakage criteria, and nominal delay time. As with explosive sleep time, this may 
indicate a time and spatial dependency between blast detonation issues and drill and blast 
design. The general trend is that as powder factor decreased (later marker trials in lower 
sublevels) the number of blasts identified to have detonation issues increased.  
• Primary detonator location is directly related to the number of blast holes, charge length, 
and PPV breakage criteria and is inversely related to toe spacing and spacing to burden 
ratio. This indicates that the favoured primary detonator location was at the mid-hole point 
of the blast hole initially (ten and eight hole blast patterns located in the upper sublevels) 
and was subsequently moved to the toe location (seven hole blast patterns located in the 
lower sublevels). 
 
The correlations between blasting parameters is strongly related to changes in drill and blast 
design over time and spatial location at the mine. As would be expected, changes in drill and 
blast design (hole geometry and charge length) are correlated to powder factor and PPV 
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breakage criteria. Changes in blast hole geometry and charge length resulting in an increase in 
powder factor and PPV breakage criteria values, are directly related to primary detonator 
location and inversely related to explosive sleep time and detonation issues. It is therefore 
difficult to distinguish in certain cases which blasting parameters are directly influencing 
recovery and which are related to other blasting parameters. An example of this is primary 
recovery for marker Ring 3 (Table 5.5) in which a number of blasting parameters (powder 
factor, PPV breakage criteria, explosive sleep time, and nominal delay time) are identified to 
correlate with recovery. All these parameters may influence recovery, or some may be related 
to recovery while others are related to the blasting parameters influencing recovery. Chapter 6 
attempts to clarify this issue, by investigating the nature of correlations between various 
blasting and recovery parameters. 
 
Significant inter-parameter relationships between blasting and drawpoint/geological 
parameters are limited to drawpoint width at gradeline, drawpoint width at brow, and the 
number of thrust faults. Drawpoint width at gradeline and the number of thrust faults are 
inversely related to charge length, powder factor, and PPV breakage criteria values. Drawpoint 
width at the brow is directly related to toe spacing and spacing/burden ratio and inversely 
related to the nominal delay time.   
 
5.3.5 SOM Spatial Analysis 
To explore possible correlations between marker trial locations (northing, easting, R.L) and 
extraction zone recovery, spatial plots of the SOM clusters identified in Section 5.3.3 were 
utilised. This methodology avoids imposing an ordering of the data based on location (Fraser 
and Dickson, 2007). If coherent spatial patterns are found there is added weight to the proposal 
that relationships based on location exist (Fraser and Dickson, 2007). Spatial plots for SOM 
clusters 1 to 5 are shown in Figure 5.9. 
 
The results in Figure 5.9 indicate differential spatial locations for the five clusters in the R.L 
plane. Marker ring trial locations for clusters 1, 3, and 5 are located on higher sublevels when 
compared to clusters 2 and 4. No discernible difference in spatial location of trials was evident 
in the northing and easting planes. This indicates that cluster delineation can be partly 
contributed to sublevel R.L in which the marker trial was undertaken. This in turn could relate 
to progressive changes in drill and blast design parameters with increased sublevel depth (i.e. 
powder factor and number of blast holes decreased for lower sublevels).  
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Cluster 1 Cluster 2
Cluster 4Cluster 3
Cluster 5
 
Figure 5.9 – Spatial plots for SOM clusters 1 – 5 (marker trial locations for identified clusters) 
 
The spatial analysis results appear to further validate conclusions reached in Sections 5.3.3 and 
5.3.4 concerning parameters influencing recovery. The location of marker trails for each SOM 
cluster appears to correspond to progressive changes in drill and blast design parameters with 
increased sublevel depth. Visual assessment of marker trial locations in the northing and 
easting planes shows no clear delineation between the clusters, indicating local parameter 
variability across sublevels had little impact on recovery.   
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5.4 Conclusions 
The Ridgeway full scale marker trials provide a unique opportunity to assess measured factors 
influencing extraction zone recovery. However, such complex datasets are normally difficult to 
analyse using traditional statistical multivariate methods. To overcome this issue, a neural 
network Self-Organising Map (SOM) technique was adopted to analyse the dataset. This 
methodology is ideal for attempting to understand the interaction of multiple mining and 
geological parameters on SLC extraction zone recovery for the full scale marker trials. The 
SOM analysis was divided into three components – cluster analysis, correlation identification, 
and spatial analysis. All three analysis components were used to identify parameters 
influencing extraction zone recovery. The main observations and conclusions from the SOM 
analysis are: 
 
• Cluster analysis indicates that blasting parameters have a significant impact on cluster 
delineation when compared to drawpoint and geological parameters. Of these blasting 
related parameters, the number of blast holes, toe spacing, charge length, powder factor, 
and PPV breakage criteria parameters have the most significant impact on cluster 
delineation. 
• Visual assessment of component and component correlation plots show that a large number 
of blast parameters are related to extraction zone recoveries. These blast parameters 
include number of blast holes, total charge length, powder factor, and PPV breakage 
criteria, detonation issues, and explosive sleep time. Drawpoint and geological parameters 
correlating to recovery include drawpoint width at gradeline and number of thrust faults. 
• Correlation coefficient values indicate that blasting factors are the most dominant 
parameters correlating to extraction zone recovery. Blasting parameters (charge length, 
powder factor, PPV breakage criteria, explosive sleep time, detonation issues, and nominal 
delay time) were found to be strongly related to primary recovery in marker Ring 3, and to 
a lesser extent tertiary recoveries in marker Rings 1 and 3.   
• Non-blasting parameters found to have a significant number of correlations to extraction 
zone recovery parameters include drawpoint width at gradeline, number of thrust faults, 
and degree of veining. 
• As for extraction zone recovery, blasting factors were found to be the most dominant 
parameters correlating to total extraction zone recovery (including and excluding 
backbreak). Charge length, powder factor, PPV breakage criteria, explosive sleep time, and 
blast detonation issues related to recovery parameters for all levels of recovery. 
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Additionally, the number of blast holes, toe spacing, spacing to burden ratio, and primary 
detonator location related to total secondary to quaternary recoveries.  
• Non-blasting parameters found to have a significant number of correlations to total 
extraction zone recovery (including and excluding backbreak) parameters include 
drawpoint width at gradeline and number of thrust faults. 
• Spatial analysis indicates that SOM cluster characteristics are partly related to sublevel 
depth (R.L.). The location of marker trials for each cluster appears to correspond to 
progressive changes in drill and blast design parameters with increased sublevel depth.  
 
The SOM analysis indicates that a number of blasting parameters are directly or inversely 
correlated to extraction zone recovery for the Ridgeway marker trials. Blasting parameters 
appear to dominate correlations with recovery when compared to drawpoint and geological 
parameters. Although the SOM methodology provides a rigorous means to identify possible 
correlations between parameters, further data analysis is required to understand the nature and 
characteristics of these relationships. To achieve this understanding, in particular for blast 
related parameters, a detailed analysis of the correlations identified in this chapter is discussed 
in Chapter 6. 
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CHAPTER 6 
 
IMPACT OF DRILL AND BLAST DESIGN ON FULL SCALE 
EXTRACTION ZONE RECOVERY 
 
 
The analysis and conclusions reached in the previous chapter identified a significant number 
of correlations between blast related and extraction zone recovery parameters. Although this 
analysis identified possible correlations between these parameters, details concerning the 
nature and characteristics of these relationships were not discussed. The full scale marker 
trials undertaken at the Ridgeway gold mine provide a unique opportunity to quantify these 
correlation characteristics. Significant modifications to drill and blast design were undertaken 
during the trial period, with design powder factors ranging from 0.94 kg/m3 to 1.46 kg/m3. 
This wide range in powder factor was achieved by a number of design changes to the number 
of blast holes (this parameter having the most significant impact on powder factor), explosive 
density, explosive collar length, burden, and blast volume. Other drill and blast design 
parameters modified, but having no direct impact on powder factor, were initiation timing, 
explosive sleep time, and location of the primary detonator.  
 
 
6.1 Introduction 
As discussed in Chapters 2 and 3, the literature indicates that drill and blast design and blast 
performance can have a significant impact upon SLC material flow behaviour. This conclusion 
has predominantly been based upon qualitative information or experience, and limited small 
and full scale quantitative data. To date, insufficient full scale data relating SLC material 
recovery results to drill and blast design and blast performance have been available. The 
Ridgeway gold mine full scale marker trails have provided the first sufficiently large dataset to 
study the direct impact of blasting on SLC extraction zone recovery. The dataset contains a 
large number of drill and blast design parameters including design and actual (implemented) 
powder factor, number of blast holes, explosive type, explosive sleep time, total explosive 
column length, initiation timing, and detonator location. 
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Drill and blast design at the Ridgeway operation underwent significant change during the full 
scale marker trial period. Some of this change has been driven by early marker trial results, in 
particular the progressive move from a ten hole to seven hole blast pattern design. Drill and 
blast design can be broadly divided into three categories at the mine – ten, eight, and seven 
hole blast patterns. These categories can be further sub-divided based upon the geometry of the 
blast design, explosive collar length, and initiation timing. The resulting changes in drill and 
blast design have resulted in a wide range of design powder factors (0.94 kg/m3 to 1.46 kg/m3) 
being implemented across the marker trial period. This has provided a unique opportunity to 
investigate the direct impact of various drill and blast design parameters on SLC material flow 
behaviour, in particular extraction zone recovery. 
 
6.2 Overview of Drill and Blast Design 
Historically, the drill and blast design at Ridgeway has been based upon ten, eight, and seven 
hole blast patterns (Figure 6.1). Early experience at the mine resulted in the standardisation of 
the blast ring design to a ten hole pattern (Trout, 2002). After initial marker trial results, which 
indicated that the width of material flow was narrower than expected, the standard blast design 
was modified to an eight hole pattern, and later to a seven hole pattern. Table 6.1 summaries 
the blast designs implemented for the full scale marker trials. 
 
(A) 10 Hole Pattern (B) 8 Hole Pattern (C) 7 Hole Pattern
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Figure 6.1 – Cross section (looking north) of blast ring designs for 10, 8, and 7 hole patterns 
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As shown in Figure 6.1, the major change in drill and blast design over the marker trial period 
was blast hole geometry, in particular the number of blast holes. The change from a ten hole to 
eight hole, and subsequently a seven hole blast design was partially driven by marker trial flow 
results. The initial step from a ten to eight hole blast pattern was achieved by removing the 
shoulder holes (holes 1 and 10) in the ten hole pattern. This resulted in a steeper shoulder hole 
angle in the eight hole pattern, and an increase in subsequent blast ring apex height (lower 
sublevels). A further design modification from a eight to seven hole blast pattern resulted in 
the removal of one apex hole (hole 5) in the eight hole pattern.  
 
Blast ring planes were offset between adjacent production drives by one metre in a north-south 
direction (Figure 6.2). These offset ring planes were found to reduce blast hole toe damage to 
adjoining rings and were well suited to explosive pre-charging (Trout, 2002). Additionally, 
blast holes were drilled one metre short of break through to reduce hole blockage and improve 
toe fragmentation. A ring dump angle of 10º (from the vertical) towards the cave was adopted 
to orientate the ring plane parallel to a major discontinuity set. This orientation was found to 
reduce blast hole loss and damage to the blast hole collars (Trout, 2002).  
 
 
Figure 6.2 – Plan view of offset SLC ring layout (after Trout, 2002) 
 
The dominant explosive type used was a gas sensitised bulk emulsion with a density range 
from 0.9 g/cm3 to 1.2 g/cm3. Charging was typically performed at an explosive density of 1.1 
g/cm3, with 0.9 g/cm3 used at the collar of selected blast holes to preserve brow conditions 
(Trout, 2002). Design blast powder factors ranged from 0.94 kg/m3 to 1.46 kg/m3. Standard 
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practise was to pre-charge blast rings (blast rings are pre-charged several rings ahead of the 
cave front). Single blast rings were detonated in each drawpoint at any one time (Trout, 2002). 
Multiple ring blasts were minimised to reduce the potential for freezing and disruption to pre-
charged rings in adjacent crosscuts (Trout, 2002). 
 
Standard millisecond Nonel detonators were used with 50 ms delay intervals commonly 
adopted (although 17 ms, 25 ms, 42 ms, and 100 ms nominal delay times were also utilised in 
specific blasts). Holes were initiated symmetrically away from the centre apex blast holes 
(holes 5 and 6 – ten hole pattern; holes 4 and 5 – eight hole pattern; hole 4 – seven hole 
pattern). ‘Primary’ detonators were placed either in proximity to the toe or midpoint of the 
charged length. ‘Secondary’ detonators (security or ‘backup’ detonators) with initiation timing 
of one delay interval later than the primary detonator were used in case of hole cut-off or 
explosive/initiation malfunction.  
 
6.3 Drill and Blast Parameters 
Drill and blast parameters contained in the full scale marker trial dataset can be subdivided into 
four broad categories - blast hole geometry, explosive distribution, explosive properties and 
initiation, and blast performance. This section describes in detail parameters related to blast 
hole geometry, explosive distribution, and explosive properties and initiation. Blast 
performance, in particular the identification of partial or non-detonation of explosive columns, 
was assessed with historic vibration monitoring records and is discussed in detail in Chapter 7. 
Due to the difficulties in determining the impact of blast performance on other blast related 
parameters, it is assumed that all holes detonate for the analysis in this chapter.  
 
6.3.1 Blast Hole Geometry 
Blast hole geometry parameters consisted of the number of blast holes, toe spacing, and 
spacing/burden ratio. As discussed previously, the number of blast holes varied from seven to 
ten holes. The change from ten to seven hole blast patterns was progressive over time, with ten 
and eight hole blast patterns dominating the upper sublevels (5280 and 5255 levels), while the 
seven hole pattern dominating the lower sublevels (5255, 5230, 5205, and 5180 levels). Due to 
the burden being the same (2.6 m) for most marker trials analysed (except trials 47 to 50), the 
toe spacing and spacing/burden ratio are directly related. Toe spacing was calculated as the 
line distance from the toe of the shorter hole projected at right angles to the adjoining longer 
hole (Figure 6.3). Toe spacing values ranged from 3.05 m (ten hole pattern) to 4.12 m (seven 
hole pattern).  
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Figure 6.3 – Graphical presentation of toe spacing (T) for a typical ten blast hole ring 
 
As would be expected, toe spacing (and therefore spacing/burden ratio) is inversely related to 
the number of blast holes - that is as the number of blast holes decreases the toe spacing 
increases. The decrease in the number of blast holes (increase in toe spacing) is correlated to a 
number of explosive distribution, explosive properties, and initiation parameters.  
 
6.3.2 Explosive Distribution 
Explosive distribution relates to the parameters of actual charge length, actual powder factor, 
and the model PPV rock breakage criteria. Actual charge length is the sum of the measured 
(implemented) explosive charge lengths for all holes in the marker trial blast. Actual powder 
factor is commonly used in blast design to provide a measure of explosive distribution, and in 
this case is simply the implemented total charge weight of the blast divided by the design blast 
ring volume. Both actual charge length and powder factor are directly related to the number of 
blast holes and toe spacing. 
 
The model PPV rock breakage criteria relates to the Holmberg-Persson PPV attenuation model 
(Holmberg and Persson, 1980). To define regions within a blast ring likely to exceed a PPV 
breakage threshold (PPVbreakage), the Holmberg-Persson model coupled with a contouring 
algorithm was adopted. This model and contouring algorithm is contained within the Julius 
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Kruttschnitt Mineral Research Centre (JKMRC) blast software 2DRing. Although the 
Holmberg-Persson model has a number of documented limitations (Blair and Minchinton, 
1996; Ouchterlony et al, 2001), for the purposes of estimating a potential breakage zone it is 
considered adequate (Onederra, 2005). In applying the model the attenuation constants K and α 
together with a PPV breakage threshold is required. For the Ridgeway rock mass (volcanics) 
the K, α, and PPVbreakage values were estimated to be 470, 0.94, and >4800 mm/s respectively 
(Onederra, 2001). These values were calculated from full scale production ring blast vibration 
monitoring results by Onederra (2001).    
 
The 2DRing software was utilised to delineate zones within the blast burden that exceeded a 
predetermined PPV breakage criteria. The results from this contouring provided an estimate of 
the percentage area of the ring in which ‘blast fragmentation’ occurred. This analysis was 
conducted on planes parallel to the blast ring plane located 0.00 m (blast ring plane), 0.65 m 
(marker Ring 3), 1.30 m (marker Ring 2), 1.95 m (marker Ring 1), and 2.60 m (plane located 
in previously detonated blast ring plane) within the blast burden. The results provide an 
indicative measure of explosive distribution at each marker ring plane. An example of the 
PPVbreakage contouring results is shown graphically in Figure 6.4 (analysis results for all trials 
contained in Appendix E).  
 
Blast Ring Plane 0.65 m Burden Plane 1.30 m Burden Plane 1.95 m Burden Plane 2.60 m Burden Plane
Trial 41 XC0 R72
PPV Contour > 4800 mm/s
 
Figure 6.4 – Example of PPVbreakage zones within a seven hole blast burden (marker trial 41) 
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It should be noted that the PPVbreakage distribution is only representative of the blast ring 
detonated for the marker trial. It does not consider the impact of the previous blast ring 
detonation on rock mass breakage (i.e. does not consider rock mass breakage in the vicinity of 
marker Ring 1 from the previous ring blast).   
 
6.3.3 Explosive Properties and Initiation 
Explosive properties and initiation are related to parameters quantifying explosive sleep time, 
nominal delay time, and primary detonator location. Explosive sleep time is defined as the time 
(in days) between delivery of the explosive in the hole and detonation of that hole. It is 
partially related to the number of rings pre-charged in front of the cave and production rates in 
the vicinity of the marker trial ring. Nominal delay time is the difference in design initiation 
time (primary detonator) between two successive blast hole detonations within the blast ring 
(assuming uniform design detonation time intervals). For the majority of marker trial blast 
rings, the nominal delay time was 50 ms. Primary detonator location was either in the vicinity 
of the toe of the blast hole, or at the midpoint of the explosive column. For earlier marker trial 
blasts the primary detonator location was predominantly at the midpoint of the explosive 
column, while for later ones they were located at the toe.   
 
6.4 Correlation Analysis 
Most empirical research can be subdivided into two broad categories belonging to either 
correlational or experimental trials (Lipson and Sheth, 1973; Statistica, 2003). In correlational 
trials, variables are not influenced but only measured to identify relationships between various 
parameters (Statistica, 2003). In experimental trials, some variables are manipulated with the 
effects of this manipulation measured on other parameters (Statistica, 2003). Data analysis for 
both correlational and experimental trials provides a methodology to identify and characterise 
correlations between parameters. However, experimental trial data may potentially provide 
qualitatively better information concerning these correlations (Statistica, 2003). Only 
experimental data can conclusively demonstrate causal relations between variables (Statistica, 
2003). Data from correlational trials can only be ‘interpreted’ in causal terms (correlation 
cannot be validly used to infer a causal relationship between the variables) based on some 
theory, but correlational data cannot conclusively prove causality (Statistica, 2003). The full 
scale marker trials conducted at Ridgeway are considered correlational in nature. Due to the 
correlational nature of the marker trials, data analysis only exploring correlation characteristics 
was undertaken (i.e. no regression analysis undertaken). 
 
Chapter 6 – Impact of Drill and Blast Design on Full Scale Extraction Zone Recovery 
127 
As discussed in Chapter 5, a number of possible correlations were identified between drill and 
blast and extraction zone recovery parameters. Although possible correlations were identified, 
the characteristics of these relationships were not investigated. Correlations identified by the 
SOM analysis were analysed in two dimensions, and did not consider multivariable 
relationships. Traditional statistical methods were employed to investigate and characterise 
these correlations. For categorical blasting parameters, non-parametric tests were used to 
determine if significant statistical differences existed between categorical groups. For 
continuous blasting parameters, the assumption of a linear correlation was made to quantify the 
strength and significance of such a relationship existing. Parameter correlations identified to be 
non-linear in nature are discussed in Section 6.6.    
 
6.4.1 Categorical Parameter Analysis 
Investigation of categorical drill and blast parameters involved a two stage process. The first 
stage was the generation of a box and whisker plot for each correlation identified by the SOM 
analysis. This type of plot shows the distribution of extraction zone recovery values for a given 
group specified within the blasting categorical parameter. This allows a visual comparison to 
be made between different groups of data. The box and whisker plot consists of the mean value 
(denoted by a small square), standard error (denoted by a rectangle or ‘box’), standard 
deviation (denoted by the ‘whiskers’), outliers (denoted by circles), and extreme values 
(denoted by asterisks). An example of a box and whisker plot is shown in Figure 6.5.  
 
 
Figure 6.5 – Box and whisker plot showing outliers and extreme values (after Statistica, 2003) 
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Outlier and extreme values are defined as data points which fall out of the range specified by 
Equation 6.1 and Equation 6.2 respectively (Statistica, 2003). The parameters UBV, LBV, and 
a denote the upper bound standard error, lower bound standard error, and outlier coefficient 
respectively. An arbitrary value of 1.5 was chosen for the outlier coefficient (default value for 
normal statistical analysis, Statistica (2003)).   
 
( )
( )
DataValue UBV a UBV LBV
DataValue LBV a UBV LBV
> + −
< − −
  Equation 6.1 
 
2 ( )
2 ( )
DataValue UBV a UBV LBV
DataValue LBV a UBV LBV
> + −
< + −
  Equation 6.2 
 
The second stage of the analysis process was to determine if there is a statistically significant 
difference in extraction zone values for different groups within a categorical blasting 
parameter. This methodology provides a means to quantify potential differences in groups, 
instead of relying entirely on visual examination of box and whisker plots. A number of 
statistical tests are available to do this. The statistical test selected depends upon the normality 
and variance of the data being analysed. These tests can be divided into four different methods 
which are described in Table 6.2. It should be noted that if the groups being compared are 
normally distributed and have similar variances then the t-test is used. If this is not the case, 
then one of the nonparametric tests outlined below can be utilised. 
 
Table 6.2 – Statistical Tests to Determine Differences in Categorical Groups (Statistica, 2003) 
Statistical Test Description 
t-test Is the most commonly used method to evaluate the differences in 
means between two groups. The method assumes that the groups are 
normally distributed and have similar variances. 
Mann-Whitney U test Is a non-parametric alternative to the t-test for independent samples. 
The test differs from the t-test by looking at differences in the average 
ranks as apposed to differences in the means. 
Wald-Wolfowitz Runs test Is a non-parametric test which assesses the hypothesis that two 
independent samples were drawn from two populations that differ in 
some respect (i.e. not just with respect to the mean, but also with 
respect to the general shape of the distribution).   
Kolmogorov-Smirnov test Is a non-parametric test which is sensitive to differences in the general 
shape of the distributions in the two samples (i.e. differences in 
dispersion and skewness). 
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The Mann-Whitney U test is considered the most powerful (or sensitive) nonparametric 
alternative to the t-test for independent samples (Statistica, 2003). For this reason, the results 
obtained for this nonparametric test are given precedence over those obtained from the Wald-
Wolfowitz Runs and Kolmogorov-Smirnov tests. For all tests outlined in Table 6.2, a 
statistical significance (p) value is reported which represents the probability of error involved 
in accepting the hypothesis that a difference between groups exists. For many areas of 
research, a statistical significance value of 0.05 is customarily treated as a border line 
acceptable error level (Statistica, 2003). This means that there is a 5 percent probability of 
error associated with rejecting the hypothesis of no difference between the two groups when, 
in fact, the hypothesis is true. A statistical significance value of 0.05 is adopted for all analysis 
in this chapter. 
 
The Shapiro-Wilk W test and Brown-Forsythe test were used to test the assumptions of 
normality and equal variance respectively. For the normality test, if the W statistic is 
significant (i.e. p < 0.05), then the hypothesis that the respective distribution is normal should 
be rejected (Statistica, 2003). The Shapiro-Wilk W test is the preferred test of normality 
because of its good power properties compared to a wide range of alternative tests (Statistica, 
2003). The test adopted in this analysis is an extension of the method proposed by Royston 
(1982), which allows it to be applied to large numbers of observations (up to 2000 
observations) (Statistica, 2003). 
 
The Brown-Forsythe test is one of the most powerful and commonly used tests to determine if 
the variance in different groups is equal (Statistica, 2003). If the test is statistically significant 
(i.e. p < 0.05), then the hypothesis of equal variance should be rejected (Statistica, 2003). 
Although this test is commonly used it has been noted to have a number of limitations 
(Statistica, 2003). These limitations include the method relying on the homogeneity of 
variances assumption of the absolute deviation from the medians (Statistica, 2003). It is 
therefore unclear how robust this test is for significant variance heterogeneity and unequal 
sample numbers (Statistica, 2003). Limitations aside, the Brown-Forsythe test provides a 
means to assess the assumption of equal variance and provides an objective methodology to 
select an appropriate statistical test to determine differences in categorical groups.    
 
6.4.2 Continuous Parameter Analysis 
As with categorical parameters, investigation of continuous blasting parameters involved a two 
stage process. The first stage was the generation of a two dimensional scatter plot for each 
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correlation identified by the SOM analysis. Visual inspection of each scatter plot provides an 
initial indication of the nature of the correlation (linear, non-linear, no correlation) and 
identification of any significant outlier data points. There is no widely accepted method to 
identify and remove outliers automatically (Statistica, 2003). For this reason, outliers were 
visually identified for each scatter plot (denoted with a red circle), with correlation results 
being reported for both the filtered dataset and a dataset with outliers removed.  
 
The second stage of analysis involved the quantification of the strength and significance of 
potential linear relationships for each correlation identified by the SOM analysis. A number of 
correlation analysis methods were employed to achieve this including the calculation of the 
Pearson correlation (r), coefficient of determination (r2), statistical significance (p), and 
standard error of the estimate (SEE) values (these are only applicable for linear correlations). A 
description of these four analysis methods are summarised in Table 6.3.     
 
Table 6.3 – Statistical Linear Correlation Terms (Statistica, 2003)  
Correlation Parameter Description 
Pearson correlation (r) Reflects the degree of linear relationship between two variables. It ranges 
from 1.0 (perfect positive linear relationship) to -1.0 (perfect negative 
linear relationship), with 0 indicating no linear relationship between 
variables. The methodology assumes that the two variables are measured 
on at least interval scales, and determines the extent to which values of 
the two variables are proportional to each other. 
Coefficient of determination (r2) Values range from 0.0 to 1.0, and are an indicator of how well the model 
fits the data. An r2 value close to 1.0 indicates that almost all of the 
variability with the variables specified in the model has been encountered 
for. 
Statistical significance (p) Value is the probability of being wrong when accepting the hypothesis 
that there is a linear relationship. Low values of p (customarily p < 0.05) 
indicate a high likelihood that the observed correlations are real. 
Standard error of the estimate (SEE) Is a measure of the accuracy of predictions made with the regression line, 
and can be interpreted like the standard deviation both conceptually and 
computationally. 
 
The Pearson correlation represents the linear relationship between two variables. Interpretation 
of the Pearson correlation is open, with a number of criteria outlined in the literature. Mathbits 
(2007) concludes that a Pearson correlation value greater than 0.8 can generally be described 
as a strong correlation, whereas a value less than 0.5 is generally described as weak. These 
values can vary based upon the ‘type’ of data being examined (Mathbits, 2007). Johnston 
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(2007) proposed a relatively simple general description of correlation strength dependent upon 
the Pearson correlation value. These descriptions are summarised in Table 6.4 for various 
ranges in the Pearson correlation value. For the assessment of this value in the following 
sections, the description proposed by Johnston (2007) was adopted. 
 
Table 6.4 – Pearson Correlation Categories (after Johnston, 2007) 
Pearson Correlation (r) Range Correlation Description 
0.0 – 0.2 Very weak to negligible correlation. 
0.2 – 0.4 Weak, low correlation (not very significant). 
0.4 – 0.7 Moderate correlation. 
0.7 – 0.9 Strong, high correlation. 
0.9 – 1.0 Very strong correlation. 
 
The coefficient of determination (equal to the Pearson correlation squared) is a measure of how 
well the linear regression line represents the data. If the regression line passes exactly through 
every point on the scatter plot, it would be able to explain all of the variation. The further the 
line is away from the points, the less it is able to explain (Mathbits, 2007). The coefficient of 
determination represents the percent of data that is closest to the linear regression line. For 
example, a coefficient of determination value of 0.85 means that 85 percent of the total 
variation in y can be explained by the linear relationship between x and y (as described by the 
regression equation). The other 15 percent of the total variation in y remains unexplained 
(Mathbits, 2007). 
 
The statistical significance (p) value, in relation to linear correlation analysis, represents the 
probability of error that is involved in accepting that there is a linear correlation between two 
selected parameters (Statistica, 2003). For this analysis a statistical significance value of 0.05 
is assumed. This means that there is a 5 percent probability of being wrong when accepting the 
hypothesis that there is a linear correlation between two parameters. 
 
6.5 Correlation Analysis Results 
The statistical analysis of correlations identified by SOM were broadly divided into two 
categories related to categorical and continuous blasting parameters. A summary of the 
correlations analysed are outlined in Table 6.5 and Table 6.6 for extraction zone recovery and 
total extraction zone recovery (including and excluding backbreak) respectively. The blue and 
orange highlighted cells in these tables represent categorical and continuous parameter 
statistical analyses respectively. A total of 121 correlations were analysed, being subdivided
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into 19 categorical and 102 continuous blast parameter correlations. Correlations were 
predominantly associated with recoveries in marker Ring 3 (66 percent of all correlations) and 
diminished in number with marker Ring 2 (20 percent of all correlations) and marker Ring 3 
(14 percent of all correlations) respectively.   
 
Due to the large number of potential correlations identified, a significant number of plots (box 
and whisker and scatter) and statistical analysis results were produced. For this reason a 
detailed discussion of the statistical analysis undertaken for each identified blast parameter 
correlation is provided in Appendix F. The analysis follows the procedure outlined in Section 
6.4.1 and Section 6.4.2 for categorical and continuous parameters respectively. Table 6.7 
summarises the references for the analysis results contained in Appendix F. 
 
Table 6.7 – Summary of Statistical Analysis contained in Appendix F 
Blast Parameter Section 
Plot Statistical Analysis Results 
Type Figure Type Table 
Number of Blast Holes Section F.1.1 Box and Whisker Figure F.1 Categorical Table F.2 & F.3 
Toe Spacing Section F.1.2 Scatter Figure F.2 Continuous Table F.4 & F.5 
Spacing /Burden Ratio Section F.1.3 Scatter Figure F.3 Continuous Table F.6 & F.7 
Actual Charge Length Section F.2.1 Scatter Figure F.4 Continuous Table F.9 & F.10 
Actual Powder Factor Section F.2.2 Scatter Figure F.5 Continuous Table F.11 & F.12 
PPV Area % 0.00 m 
Section F.2.3 
Scatter Figure F.6 Continuous Table F.13 & F.14 
PPV Area % 0.65 m Scatter Figure F.7 Continuous Table F.15 & F.16 
PPV Area % 1.30 m Scatter Figure F.8 Continuous Table F.17 & F.18 
PPV Volume % Scatter Figure F.9 Continuous Table F.19 & F.20 
Explosive Sleep Time Section F.3.1 Scatter Figure F.10 Continuous Table F.22 
Nominal Delay Time Section F.3.2 Box and Whisker Figure F.11 Categorical - 
Detonator Location Section F.3.3 Box and Whisker Figure F.12 Categorical Table F.23 & F.24 
 
The purpose of the analysis was to identify statistical differences in recovery for various 
groups within categorical blast parameters, and determine the likelihood and strength of 
potential linear relationships between continuous blast parameters and recovery. As discussed 
in Section 6.4, due to the characteristics of the experimental marker trial procedure it should be 
noted that correlations identified do not necessarily prove causality. However, the correlations 
can be ‘interpreted’ in causal terms based on the theory that blasting parameters impact on 
extraction zone recovery results. Therefore, the statistical analysis results summarised in 
Appendix F can be used to support the theory (but not conclusively prove) that blasting 
parameters impact observed extraction zone recovery. 
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6.5.1 Categorical Parameter Analysis Results 
Categorical blast parameters identified by the SOM analysis to correlate with extraction zone 
recovery were the number of blast holes (Section F.1.1), nominal delay time (Section F.3.2), 
and primary detonator location (Section F.3.3). For nominal delay time, no statistical analysis 
was undertaken due to limited data associated with 17 ms (2 cases), 25 ms (4 cases), 75 ms (6 
cases), and 100 ms (1 case) intervals when compared to 50 ms (45 cases) interval. For the 
number of blast holes and primary detonator location parameters the following statistical 
comparisons were made: 
 
• Statistical difference in extraction zone recovery between seven hole and eight hole blast 
patterns. Ten hole blast patterns were not considered due to limited data associated with 
this group (only 3 cases). 
• Statistical difference in extraction zone recovery between toe and midpoint detonator 
location.   
 
The analysis results indicate that the majority of correlations identified by SOM have a 
statistically significant difference in recovery between parameter groups within the number of 
blast holes and primary detonator location. For the number of blast holes, significant 
differences between seven hole and eight hole patterns were noted predominantly for total 
secondary to quaternary extraction zone recoveries in marker Ring 3 and to a lesser extent 
marker Ring 2. Primary to quaternary extraction zone recovery does not appear to correlate 
with the number of blast holes (except tertiary recovery – ring 1). These findings would 
support the theory that the number of blast holes influence total secondary to quaternary 
recovery close to the blast holes, with this effect diminishing with distance from the blast ring. 
The impact on recovery is cumulative in nature (i.e. total secondary to quaternary recovery) 
and not evident for individual extraction zone recoveries.  
 
Statistically significant differences between detonators located at the toe and midpoint were 
only found to occur for secondary recovery – ring 3 and total secondary recovery – ring 3 
(including backbreak). The results support the SOM analysis findings that the primary 
detonator location correlates with identified extraction zone recovery parameters. However, the 
number of correlations is relatively small compared to other blast related parameters. It can be 
concluded that detonator location is not a significant blast parameter when considering 
correlations with recovery.  
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6.5.2 Continuous Parameter Analysis Results 
Continuous blast parameters identified by the SOM analysis to correlate with extraction zone 
recovery were toe spacing (Section F.1.2), spacing/burden ratio (Section F.1.3), actual charge 
length (Section F.2.1), actual powder factor (Section F.2.2), PPV area % 0.00 m (Section 
F.2.3), PPV area % 0.65 m (Section F.2.3), PPV area % 1.30 m (Section F.2.3), PPV volume 
% (Section F.2.3), and explosive sleep time (Section F.3.1). A statistical analysis was 
undertaken for both correlations including and excluding outliers identified visually from 
scatter plots (outlier denoted by red circle in scatter plot). The number of outliers identified 
was low, with a maximum of two outliers specified for any one scatter plot (outliers identified 
in 24 percent of all scatter plots).  
 
Statistical significance values indicated that a large proportion of analysed correlations (82 
percent and 84 percent of all SOM identified correlations including and excluding outliers 
respectively) could be described as a linear relationship. Correlation strength (based on 
Pearson correlation values) ranged from very weak to strong, with the majority being moderate 
in strength (74 percent and 78 percent of all identified linear correlations including and 
excluding outliers respectively). A summary of the Pearson correlation values and correlation 
strength for correlations identified to be linear in nature (based on statistical significance 
values) can be referred to in Table 6.8, Table 6.9, and Table 6.10 for extraction zone recovery, 
total extraction zone recovery (including backbreak), and total extraction zone recovery 
(excluding backbreak) respectively. Blue, green, and red coloured cells indicate very 
weak/weak, moderate, and strong correlation strengths respectively. Each table is subdivided 
into correlations including outliers (top half) and excluding outliers (bottom half).  
 
Extraction Zone Recovery 
The results summarised in Table 6.8 indicate that explosive distribution parameters dominate 
correlations with extraction zone recovery. Primary recovery linear correlations are exclusively 
related to marker Ring 3, and predominantly associated with explosive distribution parameters. 
Correlation strengths are generally moderate, with select PPV breakage criteria parameters 
having the highest Pearson correlation values. For explosive sleep time, the Pearson correlation 
value was negative, indicating an inverse relationship with primary recovery – ring 3. 
Although the correlation strength is low, this could support one of two theories: 
 
1. With an increase in explosive sleep time, explosive detonation performance was reduced 
resulting in lower recovery values. 
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2. Explosive sleep time is inversely related to explosive distribution parameters. Explosive 
sleep times may have decreased due to production constraints as the powder factor was 
systematically increased. 
 
A correlation analysis between explosive sleep time and powder factor indicates a high 
likelihood of an inverse linear relationship (p < 0.05) with weak correlation strength (r = 0.35). 
This could indicate that the inverse correlation between explosive sleep time and primary 
recovery – ring 3 may ultimately be related to a systematic increase in explosive distribution 
parameter values (as discussed in Section 5.3.4). The SOM analysis of blast inter-parameter 
correlations summarised in Table 5.8 would support this conclusion.  
 
Tertiary extraction zone recovery linear correlations were associated with both blast hole 
geometry and explosive distribution parameters. Identified correlations were weak to moderate 
in strength, being equally divided between tertiary recovery in marker Rings 1 and 3. Blast 
hole geometry parameters related to toe spacing and spacing/burden ratio were inversely 
correlated (moderate strength) with marker Ring 1. As with primary recovery, explosive 
distribution parameters were linearly correlated with tertiary recovery – Ring 3. Additionally, 
actual charge length and PPV area % 0.00 m was found to correlate to tertiary recovery – Ring 
1 (although with a weak correlation strength). Generally, Pearson correlation values were 
higher for correlations associated with primary recovery – Ring 3 when compared to tertiary 
recovery – Ring 3.  
 
The results support the theory that explosive distribution parameters directly control primary 
and tertiary extraction zone recovery close to the blast ring (marker Ring 3), with this impact 
quickly dissipating and not being apparent further from the blast ring (marker Rings 1 and 2). 
No correlations were noted to occur for secondary, quaternary, or backbreak recoveries. The 
theory that blasting parameters influence recovery in marker Ring 3 is less certain, with no 
correlations evident for secondary or quaternary recoveries. A possible explanation for this is 
that secondary and quaternary drawpoints are offset to that of the primary, resulting in no clear 
correlation with blasting parameters for these levels. It would be expected that backbreak 
recovery would be controlled to some extent by the blast design of the previously detonated 
ring. Results of the SOM analysis is Table 5.5 indicate that of the parameters measured, only 
nominal delay time and actual percent of material drawn were identified to possibly correlate 
with backbreak recovery. As discussed in Section 6.5.1, it is difficult to conclude if a statistical 
significant difference in recoveries exists for different delay times due to insufficient data. 
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Total Extraction Zone Recovery (Including Backbreak) 
The results summarised in Table 6.9 indicate that explosive distribution parameters dominate 
correlations with total extraction zone recovery (including backbreak). As with extraction zone 
recovery, total primary recovery (including backbreak) correlations are exclusively related to 
marker Ring 3, and predominantly associated with explosive distribution parameters. This is 
not surprising as little backbreak recovery was recorded for marker Ring 3, therefore resulting 
in primary recovery – Ring 3 and total primary recovery – Ring 3 (including backbreak) being 
similar. Correlation strengths are generally moderate, with PPV breakage criteria parameters 
having the highest Pearson correlation values.  
 
For total secondary recovery (including backbreak) linear correlations were identified for all 
continuous blast parameters for marker Ring 3 and explosive distribution parameters for 
marker Ring 2. The correlation strength for these relationships varied from weak to moderate, 
with the highest Pearson correlation values occurring for actual powder factor and select PPV 
breakage criteria parameters. This result is significantly different to secondary recovery 
discussed in the previous section, where no correlations were found to occur. 
 
Linear correlations identified for total tertiary recovery (including backbreak) were similar to 
those found for total secondary recovery (including backbreak). However, the Pearson 
correlation values and therefore correlation strength were significantly higher than those 
recorded for total secondary recovery (including backbreak). Correlation strength varied from 
moderate to strong for total tertiary recovery – ring 3 (including backbreak) and moderate for 
total tertiary recovery – ring 2 (including backbreak). Explosive distribution parameters were 
found to have the highest Pearson correlation values, while blast hole geometry parameters had 
relatively high correlation values for marker Ring 3. 
 
Total quaternary recovery (including backbreak) correlations were found to be related to 
marker Rings 1 and 3. The overall number of linear correlations identified was relatively low 
compared to total secondary and tertiary (including backbreak) recoveries, and were all 
moderate in correlation strength. The highest Pearson correlation values for marker Rings 1 
and 3 were associated with actual charge length and spacing/burden ratio parameters 
respectively. It is unclear why there are a number of correlations for total quaternary recovery 
– ring 1 (including backbreak). Correlations associated with marker Ring 1 were not evident 
for any other level of total recovery (including backbreak) analysed. 
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Overall, it appears that blast parameters have an impact on accumulated secondary to 
quaternary recovery (total recovery including backbreak) for both marker Rings 2 and 3 
(marker Rings 1 and 3 for total quaternary recovery including backbreak). The strongest 
correlations occur for marker Ring 3 (weak to strong in strength), with this strength 
diminishing for marker Ring 2 (weak to moderate in strength). These results could support two 
possible theories relating to recovery: 
 
1. Explosive distribution parameters directly control total secondary to quaternary recovery 
(including backbreak) close to the blast ring (marker Ring 3), with this impact diminishing 
in marker Ring 2, and not evident in marker Ring 1. 
2. Secondary, tertiary, and quaternary extraction zone recovery values are relatively low 
compared to primary recovery, resulting in total secondary, tertiary, and quaternary 
recoveries (including backbreak) being controlled to a large extent by primary recovery 
values. In turn primary extraction zone recovery is directly related to blast parameters and 
therefore indirectly related to total secondary to quaternary recovery (including backbreak). 
 
If the second theory discussed above is correct, this highlights the importance of achieving a 
high primary recovery to attain high total secondary, tertiary, and quaternary recoveries 
(including backbreak). It could then be further argued that to achieve high primary recoveries 
careful consideration to drill and blast parameters need to be undertaken.  
 
Total Extraction Zone Recovery (Excluding Backbreak) 
The results summarised in Table 6.10 for total extraction zone (excluding backbreak) are 
similar to those for total extraction zone recovery (including backbreak). Total primary 
recovery (excluding backbreak) correlations are dominated by explosive distribution 
parameters ranging from weak to moderate in correlation strength. As would be expected, total 
primary recovery (excluding backbreak) results are the same as those for primary extraction 
zone recovery.  
 
For total secondary recovery (excluding backbreak) identified linear correlations were only 
associated with explosive distribution parameters for both marker Rings 2 and 3. The strength 
of these correlations was generally moderate, with one weak correlation identified for actual 
charge length for marker Ring 2. Correlations with the highest Pearson correlation values for 
marker Rings 2 and 3 were actual powder factor and PPV area % 1.30 m respectively. With 
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respect to total secondary recovery (including backbreak) no correlations were found in 
relation to toe spacing, spacing/burden ratio, or explosive sleep time. 
 
Correlations identified for total tertiary recovery (excluding backbreak) were similar to those 
found for total secondary recovery (excluding backbreak). However, two correlations 
associated with marker Ring 1 were also identified for actual charge length and PPV area % 
0.00 m. The Pearson correlation values and therefore correlation strength were generally 
significantly higher than those recorded for total secondary recovery (excluding backbreak). 
Correlation strength varied from moderate to strong for total tertiary recovery – Ring 3 
(excluding backbreak) and moderate for total tertiary recovery – Rings 1 and 2 (excluding 
backbreak). The actual powder factor was found to have the highest Pearson correlation value 
for total tertiary recovery – Rings 2 and 3 (excluding backbreak), while actual charge length 
had the highest value for total tertiary recovery – Ring 1 (excluding backbreak). No linear 
correlations were identified between blasting parameters and total quaternary recovery 
(excluding backbreak). The statistical significance values were greater than 0.05 for all 
correlation cases identified by the SOM analysis. 
 
It can be concluded that blast parameters have an impact on accumulated secondary to tertiary 
recovery (total recovery excluding backbreak) for both marker Rings 2 and 3. The strongest 
correlations occur for marker Ring 3 (weak to strong in strength), with this strength 
diminishing for marker Ring 2 (weak to moderate in strength). As with total extraction zone 
recovery (including backbreak), these results could support two possible theories related to 
direct or indirect influence of blasting on total secondary and tertiary extraction zone recovery 
(excluding backbreak). 
 
6.6 Continuous Blast Parameter Non-linear Correlations 
Statistical significance values indicated that a large proportion of analysed correlations (82 
percent and 84 percent of all SOM identified correlations including and excluding outliers 
respectively) could be described by a linear relationship. Of the remaining SOM identified 
correlations with a statistical significance value greater than 0.05, it is difficult to determine the 
nature of these correlations. An underlying similarity between these remaining SOM 
correlations is that there is a large degree of data point variability associated with their 
corresponding scatter plots. Due to this variability it is difficult to determine the nature of 
correlation (linear or non-linear), if any correlation exists, between extraction zone recovery 
and specific blast parameters.  
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6.7 Proposed Blast Related Theories with Respect to Identified Correlations 
Based upon the analysis outlined in this chapter a number of possible theories can be proposed 
with regard to the impact of blast parameters on extraction zone recovery. Although the 
correlations analysed do not necessarily prove causality, the correlations can be ‘interpreted’ in 
casual terms to propose a number of blast related theories with respect to recovery. To develop 
these theories, both correlations between blasting parameters and extraction zone recovery as 
well as blast related inter-parameter correlations need to be considered.  
 
6.7.1 Blast Related Inter-parameter Correlations 
As discussed in Section 5.3.4 a number of SOM correlations were identified between the 
various blast parameters (defined as inter-parameter correlations). A summary of these inter-
parameter correlations in Table 5.8 show the majority of correlations were associated with 
blast hole geometry and explosive distribution parameters. This is not surprising, considering 
that the number of blast holes will have a direct impact on toe spacing and spacing/burden 
ratio, and significantly influence actual charge length, actual powder factor, and PPV breakage 
criteria parameters. This is especially true with the removal of one apex blast hole, reducing 
the number of blast holes from eight to seven holes. Inter-parameter correlations were also 
identified between explosive sleep time and primary detonator location with respect to blast 
hole geometry and explosive distribution parameters. These correlations indicate a systematic 
change in both explosive sleep time and location of primary detonator over a period of time, 
corresponding to similar changes in the number of blast holes and related changes in blast hole 
geometry and explosive distribution parameters.  
 
6.7.2 Identified Correlation Related Theories 
Although these inter-parameter correlations exist, it is evident from the previous sections that 
the strongest correlations with respect to extraction zone recovery are associated with actual 
blast powder factor and PPV breakage criteria parameters. It is difficult to determine which 
blasting parameters are potentially influencing recovery results due to the experimental design 
of the marker trial. However, based on the analysis outlined in the previous sections, the 
following four theories may be considered: 
 
1. A fundamental change in drill and blast design with the removal of blast holes, leading to a 
reduction in explosive weight and poorer explosive energy distribution, results in lower 
extraction zone recoveries (in particular primary recovery for marker Ring 3). The 
reduction in the number of blast holes in turn impacts on total secondary to quaternary 
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extraction zone recovery either directly (due to factors such as poor fragmentation and 
limited swell) or indirectly through reduced primary recovery (leading to subsequent lower 
total secondary to quaternary recoveries). Recovery in the marker ring planes is directly 
related to proximity of the blast ring plane. A reduction in the number of blast holes results 
in a significant reduction in recovery for marker Ring 3, with this impact diminishing for 
marker Ring 2, and not being evident for marker Ring 1.  
2. An increase in explosive sleep time (generally corresponding with a decrease in actual 
power factor) leads to poorer explosive performance (in particular VOD), resulting in 
lower extraction zone recoveries (due to factors such as poor fragmentation and limited 
swell). The increase in explosive sleep time in turn impacts on total secondary to 
quaternary extraction zone recovery either directly (due to factors such as poor 
fragmentation and limited swell) or indirectly through reduced primary recovery (leading 
to subsequent lower total secondary to quaternary recoveries). An increase in explosive 
sleep time results in a significant reduction in recovery for marker Ring 3, with this impact 
not being evident for marker Rings 1 and 2.  
3. The change of the primary detonator location from the midpoint to toe (generally 
corresponding with a decrease in actual powder factor) leading to poorer detonation of the 
explosive column (partial detonation or lower VOD of explosive column), resulting in 
lower extraction zone recoveries (due to factors such as poor fragmentation and limited 
swell). The change in detonator location in turn impacts on total secondary to quaternary 
extraction zone recovery either directly (due to factors such as poor fragmentation and 
limited swell) or indirectly through reduced primary recovery (leading to subsequent lower 
total secondary to quaternary recoveries).  
4. A combination of blast parameters discussed in the first three points impact, to some 
extent, extraction zone recovery and total secondary to quaternary extraction zone recovery 
either directly (due to factors such as poor fragmentation and limited swell) or indirectly 
through reduced primary recovery (leading to subsequent lower total secondary to 
quaternary recoveries). Recovery in the marker ring planes is directly related to proximity 
of the blast ring. Combined changes in these blast parameters result in a significant 
reduction in recovery for marker Ring 3, with this impact diminishing for marker Ring 2, 
and not being evident for marker Ring 1. 
 
Of the theories proposed, it is considered that the most likely based on the analysis discussed 
in this chapter is the theory outlined in point one. The removal of a blast apex hole (eight to 
seven hole blast design) has a significant impact on both blast geometry and explosive 
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distribution parameters. It is considered that such a significant change in these parameters 
would lead to changes in blasted material properties (fragmentation and bulk density) and 
result in lower recoveries. 
 
6.8  Conclusions 
The SOM analysis discussed in Chapter 5 identified a number of possible correlations between 
blast related parameters and extraction zone recovery. Although this analysis identified 
correlations between these parameters, details concerning the nature and characteristics of 
these relationships were not discussed. To quantify the nature and characteristics of these 
correlations traditional statistical methods were employed. The analysis discussed in this 
chapter identified statistical differences in recovery for various groups within categorical 
parameters, and determined the likelihood and strength of potential linear relationships 
between continuous blast parameters and recovery. The main observations and conclusions 
from this analysis are: 
 
• For the comparison of eight hole with seven hole blast patterns, statistically significant 
differences were predominantly identified for total secondary to quaternary extraction zone 
recoveries in marker Ring 3 and to a lesser extent marker Ring 2. 
• Statistically significant differences in primary detonator location were only found for a 
limited number of recovery parameters related to marker Ring 3. 
• A significant percentage (82 percent) of identified SOM correlations between continuous 
blasting parameters and recovery could be described by a linear relationship. 
• Continuous blasting parameters were found to have linear correlations with primary 
recovery – Ring 3 and tertiary recovery – Rings 1 and 3. Linear correlation strength ranged 
from weak to moderate. 
• No correlations were noted to occur between blast parameters and extraction zone 
secondary, quaternary, or backbreak recoveries. A possible explanation for this is that 
secondary and quaternary drawpoints are offset to that of the primary, resulting in no clear 
correlation with blasting parameters for these levels. 
• Explosive distribution parameters dominate correlations with total extraction zone recovery 
(including and excluding backbreak).  
• The highest number of linear correlations for total secondary and tertiary extraction zone 
recovery (including and excluding backbreak) were identified for marker Ring 3. This 
number diminished for marker Ring 2, and became negligible for marker Ring 1. 
Additionally, the strongest linear correlations were found to relate to marker Ring 3 
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(generally moderate to strong), with this diminishing for marker Ring 2 (generally 
moderate). 
• For total quaternary recovery, linear correlations were only identified for recovery 
including backbreak. These recoveries were associated with blast hole geometry and 
explosive distribution parameters relating to marker Rings 1 and 3. All identified 
correlations were moderate in strength. 
 
Based upon this analysis a number of possible theories can be proposed with regard to the 
impact of blast parameters on extraction zone recovery. Although the correlations analysed do 
not necessarily prove causality, the correlations can be ‘interpreted’ in causal terms to propose 
a number of blast related theories with respect to recovery. To develop these theories, both 
correlations between blasting parameters and extraction zone recovery as well as blast related 
inter-parameter correlations were considered. The most likely theory based upon this analysis 
is that a fundamental change in drill and blast design with the removal of blast holes resulted in 
lower extraction zone recoveries (in particular primary recovery for marker Ring 3). The 
reduction in the number of blast holes in turn impacted on total secondary to quaternary 
extraction zone recovery either directly (due to factors such as poor fragmentation and limited 
swell) or indirectly through reduced primary recovery (leading to subsequent lower total 
secondary to quaternary recoveries). Recovery in the marker ring planes is directly related to 
proximity of the blast ring plane. A reduction in the number of blast holes results in a 
significant reduction in recovery for marker Ring 3, with this impact diminishing for marker 
Ring 2, and not being evident for marker Ring 1.  
 
Another important consideration not discussed in this chapter is the impact of blast 
performance (based on vibration records) on recovery. Blast performance can have a major 
impact on the majority of blast related parameters, in particular blast hole geometry and 
explosive distribution parameters. The partial or non-detonation of blast holes can lead to 
significantly different values for these parameters. An example of this is powder factor, where 
a decrease in value would occur if one of the blast holes did not detonate. Due to the 
difficulties in determining the impact of blast performance on other blast related parameters 
analysed in this chapter, it was assumed that all holes detonated. Chapter 7 discusses in detail 
the impact of blast performance on extraction zone recovery at Ridgeway. 
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CHAPTER 7 
 
IMPACT OF BLAST PERFORMANCE ON FULL SCALE 
EXTRACTION ZONE RECOVERY 
 
 
The influence of blasting on extraction zone recovery can be divided into three broad 
categories related to design, implementation, and performance. It is apparent from the results 
discussed in the previous two chapters that drill and blast design and implementation 
parameters can have a significant influence on ring recovery. However, it is crucial that the 
influence of blast performance on extraction zone recovery also be considered. Blast 
performance, in the context of this thesis, is related to explosive initiation and subsequent 
explosive - rock mass interaction. Of particular importance is the identification of partially or 
non-detonated blast holes within the blast ring. Such occurrences can have a significant 
impact on material fragmentation and looseness, and therefore flow behaviour and ore 
recovery. Although a number of techniques exist to quantify blast performance, they are 
generally difficult to implement for routine monitoring. For the Ridgeway marker trials, blast 
vibration records have been used to characterise this performance. Although this monitoring 
method is relatively straight forward to implement in the field, the results can be difficult to 
interpret with several possible explanations argued. Other blast performance monitoring 
techniques, such as Velocity of Detonation (VOD), where not available for the marker trial 
blast rings. 
 
 
7.1 Introduction 
A distinction exists between assessing the performance of a blast result and monitoring the 
blasting process itself. For this thesis, blast performance relates to the monitoring and 
interpretation of the dynamic blast process (explosive initiation and subsequent explosive - 
rock mass interaction). Significant improvements in the understanding of blast dynamics has 
been achieved by the monitoring of production blast performance (Scott, 1996). Initially, the 
methods employed to monitor this performance were considered to be highly specialised, 
predominantly being undertaken by research organisations. With the introduction of more 
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powerful, flexible, and economical instruments in the past 10 years, it has been possible to 
undertake more routine measurements of performance. Analysis and interpretation of resulting 
datasets have provided valuable guidance as to how blast designs should be modified to 
achieve defined objectives (Scott, 1996). 
 
A number of blast performance monitoring techniques are available and include high speed 
photography, velocity of detonation (VOD), ground vibration, and explosive gas pressure 
monitoring (McKenzie, 1988; Scott, 1996). These techniques can be used to evaluate explosive 
and initiation performance, explosive - rock interaction, and burden movement (Scott, 1996). 
Due to limitations associated with monitoring equipment availability and the environment 
associated with underground blasting, ground vibration monitoring was used exclusively to 
assess blast performance for the Ridgeway marker trials.   
 
Blast performance, in particular the non- or partial detonation of blast holes, can have a 
significant impact on SLC ore recovery and dilution. A number of authors including Onederra 
(2001), Fjellborg (2002), Scott (2004), and Zhang (2005) have reported decreases in SLC blast 
performance due to blast hole damage and dislocation, and explosive product desensitisation. 
An example of the potential extent of poor blast performance in SLC operations is summarised 
by Zhang (2005) for the Malmberget mine, in which 24 percent of holes did not successfully 
detonate (for the period 2002 to 2003). Non- or partial detonation of blast holes can have a 
number of negative impacts including (Zhang, 2005): 
 
• The planned powder factor is reduced, leading to coarser blast fragmentation. 
• The amount of oversize material can increase. 
• Failure in detonation and blasting can cause some of the explosive to remain in the 
fragmented material. Emissions in the form of gas and remaining explosive result in 
nitrogen compounds that can contaminate surface and ground water in the environment. 
• Ore loss/dilution is increased due to oversize. 
• The coarser fragmentation due to detonation failure increases costs of downstream 
processes such as crushing and grinding. 
 
By combining the Ridgeway marker trial results with ground vibration records, analysis and 
interpretation of the influence of blast performance on extraction zone recovery is possible. In 
particular, the influence of non- or partially detonated holes on extraction zone geometry can 
be investigated.  
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7.2 Blast Vibration Monitoring 
Ground vibrations from blasting are acoustic waves that propagate through the earth, and are 
generated by the detonation of an explosive. They are also termed seismic waves because their 
propagation characteristics are similar to the ground motions produced by earthquakes. Ground 
vibrations from blasting have much lower peak amplitudes and higher dominant frequencies 
when compared to earthquake vibrations, primarily because of their lower energies and smaller 
propagation distances (Siskind, 2000). Ground vibration measurements of velocity, 
displacement, or acceleration are made at a point in the ground and measure the motion at that 
point or ‘particle’. Vibration records, or waveforms, are continuous representations of the 
particle motion at that point. Unless the monitoring point is very close to the blast (in the zones 
of inelastic fragmentation or backbreak), the measurement particle will return to its initial zero 
position after the wave passes (Siskind, 2000). 
 
Blast performance monitoring is an essential component of any blast optimisation project 
(Scott, 1996). Of the techniques available to assess this performance, the most advanced and 
commonly employed method is vibration monitoring (McKenzie, 1994). The correct use of 
vibration monitoring techniques offers a number of benefits in terms of their ability to examine 
blast performance in detail, including (McKenzie, 1988; Scott, 1996; Adamson et al, 1999): 
 
• Out of sequence detonation. 
• Statistical scatter in detonation times. 
• Deficient or partial detonation of explosive charges. 
• Instantaneous and sympathetic detonation (explosive initiated by the impact of adjacent 
detonations) of explosive charges. 
• General quantification of peak particle velocity, acceleration, and displacement. 
 
The measurement of particle velocity levels that result from the detonation of each explosive 
charge offers a means by which it is possible to measure the relative efficiency of each charge, 
interactions (productive and counterproductive) between adjacent charges, and a definitive 
indication of general performance of any given blast design and its implementation (Adamson 
et al, 1999). In this way the monitoring of blast vibrations in rock due to the blast event can be 
used as a diagnostic tool, given that the correct interpretation of the vibration traces allows the 
determination of the level of interaction between the design and operational variables of the 
blast event (Adamson et al, 1999).  
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7.2.1 Vibration Transducers 
Successful monitoring of blast vibrations requires the appropriate selection of a transducer, its 
mounting or coupling with the rock or structure, and a data acquisition or recording system 
(Scott, 1996). A transducer is a device which converts one form of energy into another. 
Transducers used for blast vibration monitoring include geophones, accelerometers, and 
occasionally strain gauges (Scott, 1996). As systems, all three output a voltage which is 
proportional to the vibration being measured, although the mechanisms with which this 
conversion takes place is different in all three (Scott, 1996). 
 
The selection of the most appropriate transducer depends on the purpose and circumstance of 
the measurement exercise. Geophones are fairly cheap and easy to install and use, but have 
limited displacement and only provide valid readings above their resonant frequency (Scott, 
1996). Signal distortion limits the use of most geophones for accurate reading above 2000 Hz 
and they are not suited to situations involving high shock (Scott, 1996). Geophones are 
routinely used for blast vibration monitoring when frequencies are expected in the range of 5 
Hz to 2000 Hz. Accelerometers have no moving parts and can generally be used for low and 
high frequency applications. They tend to be small, light, and easy to mount, with fewer 
orientation limitations than geophones. Accelerometers require a power supply and can be 
expensive if high resolution is required. Accelerometers are generally used for monitoring low 
frequencies in specialised applications or where high levels of shock are expected (Scott, 
1996). Strain gauges are difficult to mount and to monitor. They are therefore seldom used for 
simple vibration monitoring but are employed for specialised monitoring of dynamic strains 
very close to explosive charges (Scott, 196). 
 
It is important to note that the final vibration measurement will represent the reaction of both 
the transducer and its coupling to the imposed vibration. The coupling itself may have dynamic 
properties that interfere with the measurements that are being sought and great care must be 
taken to ensure that this effect is minimised (Blair, 1987; Djordjevic, 1995). The optimal 
mounting is one which adds minimal unwanted perturbations to the signal and which permits 
signal integrity to be maintained. In many situations this must be balanced by the consideration 
of access and retrieval of the transducers after monitoring (Scott, 1996). Coupling of the 
transducers can be subdivided into retrievable and permanent mounts. Retrievable mounts can 
be glued to the rock mass or mechanically anchored to the sides of a borehole. Both retrievable 
methods can introduce anomalous resonances to the recorded vibration. To overcome spurious 
resonances, the transducer can be permanently mounted in the rock mass. The simplest 
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technique is to connect the transducer to a mount which can be lowered into a hole and then 
grouted into place. This is the most common mounting technique for near-field vibration 
studies (Scott, 1996). 
 
7.2.2 Vibration Record Interpretation 
The waveforms recorded near a production blast consist of a number of discrete vibration 
‘packets’, each of which corresponds to a charge or group of charges which detonated at one 
time (McKenzie, 1988). An example of this is shown in Figure 7.1. The first step in analysing 
a waveform is to determine which explosive charge each vibration packet represents. The 
ability to determine the actual, as opposed to the designed initiation sequence, provides an 
invaluable insight into the performance of blast designs (McKenzie, 1988).   
 
 
Figure 7.1 – Vibration response from multiple hole blast in hard rock (after McKenzie, 1994) 
 
The shape and amplitude of a vibration packet gives the relative effectiveness of that charge 
within the blast. The vibration amplitude is a measure of the explosive energy transferred to 
the rock mass, so that for a given charge type and monitoring geometry, the relative amplitude 
can be used as a measure of charge efficiency (McKenzie, 1988). Therefore, it can be 
concluded that if a charge fails to generate a minimal or no vibration response that some type 
of explosive malfunction has occurred. Experiments have shown that the interference of one 
charge with neighbouring charges is often the cause of these malfunctions (McKenzie, 1988). 
Charge interference appears to be a function of separation distance, and is related to three main 
mechanisms - sympathetic detonation, explosive desensitisation, and overbreak (McKenzie, 
1988). Additionally, increases in vibration amplitude for relatively small charge weights have 
been shown in full scale monitoring to be related to over confinement (Rodgers, 2003). 
 
Sympathetic Detonation 
Where the physical separation between charges is small, high temperature gas products can 
stream from one charge to the next, causing sympathetic detonation of the second charge. This 
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interaction can occur between charges located in the same hole, due to ineffective stemming, 
or between charges in adjacent hole, due to inadequate hole separation. Sympathetic detonation 
is unlikely to be detected by traditional blast assessment methods, but can be recognised within 
the blast vibration record. It is characterised by a ‘bunching’ of vibration packets, so that a 
charge will appear to have detonated for considerably longer than is usual. However, 
supporting evidence is required, because the bunching may also be caused by delay scatter 
(two holes on the same delay firing almost simultaneously) (McKenzie, 1988). An example of 
sympathetic detonation of charges is shown in Figure 7.2. The single hole blast, also, shown, 
should have produced five wave packets between 280 ms and 580 ms. 
 
 
Figure 7.2 – Vibration record during sympathetic detonation of charges (after McKenzie, 1988) 
 
For explosive charges in adjacent holes, the mechanism of sympathetic detonation can be 
related to high pressure gases or the strain wave created by the first detonation. The path for 
the high pressure gases may be provided by the rock structure, or may be created by the first 
detonation. Alternatively, the strain wave created by the first charge may have sufficient 
energy to induce detonation (McKenzie, 1988).   
 
Explosive Desensitisation 
When adjacent charges are separated by a distance slightly greater than that discussed in the 
previous section, the strain wave may still possess sufficient energy to desensitise some 
explosive by ‘dead pressing’ (McKenzie, 1988). This usually occurs only among slurry and 
water gel type explosives where the oxygen is contained as micropores dispersed throughout 
the explosive. If the density of the explosive is increased to the stage where the micropores are 
squeezed out, the explosive will fail to detonate.  
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Overbreak 
The third form of interaction between adjacent charges occurs where the separation is 
sufficient for the initiation of the second charge to be independent of the first. However, due to 
the action of the first charge, the ground around the second charge has been damaged, broken 
or removed. Consequently, the second charge detonates unconfined, and its effectiveness is 
greatly reduced. Overbreak is indicated on the vibration record when two similar charges 
produce very different vibration packets, the second being much smaller and in some cases 
almost nonexistent. Figure 7.3 shows an example of overbreak where two charges (which were 
similar physically and in their geometric relationship to the transducer) produced very different 
vibration amplitudes (McKenzie, 1988). 
 
 
Figure 7.3 – Reduction of vibration amplitude as a result of overbreak (after McKenzie, 1988) 
 
Overbreak is a significant problem, because it results in the production of oversize material. 
This in turn can lead to an increase in powder factor, a misguided attempt to produce better 
fragmentation, which will only increase the problem (McKenzie, 1988). 
 
Over Confinement 
Due to the confined nature of SLC blasting it is possible that explosive charges can be over 
confined; in the extreme case resulting in ‘freezing’ of the blast ring (Section 3.2.3). It has 
been noted by Rodgers (2003) that for identical full scale explosive columns (single hole), that 
a higher magnitude vibration record is monitored for ‘heavy’ burden (7 m burden) detonations 
compared to ‘light’ burden (4 m burden) ones. Rodgers (2003) concluded that the vibration 
records for the two burdens were significantly different, with the heavily burdened record 
displaying a faster rise time and much larger amplitude. These results can be extended to 
identify over confined blast holes in SLC blast rings.  
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7.2.3 Limitations Associated with Vibration Record Interpretation 
Vibration monitoring will not always be able to identify the initiation of every explosive 
charge. Analysis of vibration monitoring results is orientated towards the identification of 
separately delayed charges. If the explosive charges are initiated simultaneously or near 
simultaneously (share the same delay time) vibration monitoring may not be able to detect the 
detonation of all charges (McKenzie, 1994). Figure 7.4 illustrates two cases where charges 
have initiated near simultaneously. In each case two charges are discernible, although some 
degree of operator interpretation is required. Where more charges are involved, or where the 
time between individual initiations is less, it may not be possible to identify how many charges 
have detonated. However, the complex vibration interference patterns will still indicate 
enhancement of vibration levels and multiple charge initiation (McKenzie, 1994). 
 
 
Figure 7.4 – Near simultaneous detonation of two blast holes makes positive identification of 
individual holes difficult (after McKenzie, 1994) 
 
Where the delay interval between successive charge detonations is less than the individual 
wavelet duration, interaction and enhancement of vibrations will occur, and the resulting 
vibration waveform can become too complex to interpret. This commonly happens in soft rock 
formations, open pit blasts, and large underground mass blasts where the average delay 
interval between charges is very small and the number of charges can be in excess of 1000 
(McKenzie, 1994). Better discrimination can often be obtained by moving the vibration 
monitoring closer to the blast holes. 
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7.3 Ridgeway Marker Trial Blast Performance 
A total of 28 blasts (45 percent of all marker trials for the filtered dataset) were monitored for 
the marker trials undertaken at the Ridgeway SLC operation. Of these blasts, 19 were 
associated with seven hole blast designs and nine associated with eight hole blast designs. 
Vibration monitoring stations were located at several sites in proximity to the perimeter drive 
for each SLC production level. Each station consisted of a uniaxial geophone (OYO 14 Hz) 
grouted several metres inside a specifically drilled borehole. A Blastronics µmx blast vibration 
monitor was used to record blast events at these monitoring sites (monitors set to a 
predetermined vibration trigger level for recording). The monitoring system could be 
considered semi-continuous as it required manual downloading of data and an external power 
source from batteries. 
 
A single vibration record for each marker trial was selected from the numerous monitoring 
sites based on the clarity of the vibration record for interpreting blast performance. An 
example of such a vibration record and associated blast performance interpretation is shown in 
Figure 7.5 for a typical marker trial blast (marker trial 18, seven hole blast design). The y and x 
axes in this figure are the particle velocity (mm/s) and record time (ms) respectively.  
 
Trial 18 - 5255 XC14 R48
Geophone: 5230 Ch44
171 kg
3 5
172 kg
2 6
256 kg
1 7
154 kg
0 ms 50 ms 100 ms 150 ms
Low vibration level
(possible partial detonation/
Overbreak of hole 5 – blast 
Backbreak extends in this area 
of blast ring) Initiation 17ms afterdesign timing
High vibration level for
low charge weight (possible
high confinement)
Initiation of hole 3 
and/or 5 backup delay
Non-detonation of holes
2 and 6
Initiation 13ms after
design timing
 
Figure 7.5 – Typical vibration record and interpretation for a seven hole blast design 
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Blast performance interpretation in Figure 7.5 can be divided into two components relating to 
blast design aspects and detonation interpretation. The red dashed line and related time stamp 
are the design initiation times for the blast (0 ms starting point assumed to correspond to the 
detonation of the first hole). The black circle with a number contained within it, refers to the 
design blast hole number detonating in the designated design time interval (refer Figure 6.1 for 
hole number locations). The black square with a weight number contained within it, refers to 
the total actual (delivered) kilograms of explosive for the blast hole listed in the corresponding 
circles. 
 
Detonation interpretation is represented by blue circles with associated text outlining specific 
performance issues. As discussed in Section 7.2.3, there are a number of limitations associated 
with detonation interpretation of vibration records. For the records analysed, four common 
interpretations with respect to blast performance were made: 
 
1. Lower than expected vibration velocity magnitude indicating either non- or partial 
detonation of blast holes or issues associated with overbreak (Section 7.2.2).  
2. Higher than expected vibration velocity magnitude with respect to total charge weight 
possibly indicating over confinement issues.  
3. Detonation of blast holes at a significantly shorter time than the design initiation time 
indicating potential sympathetic detonation issues (Section 7.2.2). 
4. Detonation of blast holes at a delay interval close to the backup detonator initiation time, 
indicating the possibility that part of explosive column has failed to detonate. 
 
The complete vibration records and associated blast performance interpretation for the 
monitored marker trials can be referred to in Appendix G. A summary of blast performance for 
seven hole and eight hole blast patterns can be referred to in Table 7.1 and Table 7.2 
respectively. These tables summarise the marker trial number, blast identification code 
(sublevel, cross cut number, and ring number), detonation performance and design initiation 
timing for each blast hole, and general comments regarding blast initiation. Table cells related 
to detonation performance are colour coded based upon the four common performance 
interpretations listed above (a description for each colour is provided directly below both 
tables). The colour coding indicates the most likely scenario for blast performance, but it 
should be noted that in most cases a number of possible explanations could still be considered. 
The numbers contained within these cells refer to the design initiation timing for each blast 
hole.  
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The results in Table 7.1 and Table 7.2 indicate that a significant number of blast holes are 
impacted by a number of detonation issues. The most common of these issues relate to 
possible non-detonation, partial detonation, or overbreak and over confinement of explosive 
charges. Based upon these results the following can be concluded: 
 
• A significant proportion of blasts (89 percent of trials analysed) were found to contain 
some type of detonation issue. 
• Holes initiated on the second delay interval (holes 3/5 for seven hole design and holes 3/6 
for eight hole design) are impacted by possible non-detonation, partial detonation, or 
overbreak issues for 50 percent of the trials analysed. 
• Shoulder holes (holes 1/7 for seven hole design and 1/8 for eight hole design) were 
impacted by over confinement issues for 57 percent of the trials analysed. 
• Positive identification of non-detonation of holes was only made for three blasts (11 
percent of trials analysed) and involved holes located in the outer section of the blast ring. 
• Possible sympathetic detonation of blast holes were identified for four blasts (14 percent of 
trials analysed) and involved holes located in the outer section of the blast ring. 
• Generally, no detonation issues were identified for the holes detonated on the first (hole 4 
for seven hole design and holes 4/5 for eight hole design) and third (holes 2/6 for seven 
hole design and holes 2/7 for eight hole design) delay interval. 
• Approximately 45 percent and 38 percent of blast holes were impacted by detonation 
issues for seven hole and eight hole blast designs respectively.  
 
A number of detonation issues have been observed, especially for holes initiated on the second 
and last delay intervals. The impact of these issues could potentially have a large impact on 
blast fragmentation and blasted material bulk density, in turn resulting in poor extraction zone 
recovery. To improve the understanding of the impact of blast performance on extraction zone 
recovery, numerical modelling of typical Ridgeway SLC blast designs using the Hybrid Stress 
Blast Model (HSBM) was utilised. 
 
7.4 Numerical Modelling of Typical Ridgeway SLC Blast Rings 
The previous section highlighted the issue of poor detonation performance identified by 
vibration records for a significant number of blast holes. As discussed in Section 7.1 poor blast 
performance can result in coarser fragmentation and increased oversize, and in turn, lead to 
potential problems related to ore recovery. To further investigate this issue, the HSBM code 
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was utilised to model typical seven hole and eight hole blast designs. The two main objectives 
of this modelling were to: 
 
1. Analyse blast dynamics, in particular the identification of possible mechanisms leading to 
poor detonation performance. 
2. To determine the impact of poor detonation performance of blast holes associated with the 
second delay interval (holes 3/5 and 3/6 for seven and eight hole blasts respectively). This 
issue was identified by blast vibration monitoring (Section 7.3) to be the most common 
detonation problem which could result in coarser fragmentation and increased oversize. 
 
Although the HSBM code is still considered to be a research tool, it is capable of providing an 
insight into SLC blast dynamics. In particular it can be used to investigate the extent of rock 
mass damage surrounding blast holes and the location of fine and course fragmentation zones 
within the blast ring.   
 
7.4.1 Hybrid Stress Blast Model (HSBM) 
The HSBM code is considered a state of the art modelling framework of the complete blasting 
process (Chitombo, 2005). The HSBM research project has been ongoing since 2002 and aims 
at the development and validation of a computer code that will predict damage, fragmentation, 
and throw of rock that has been subjected to explosive loading (Chitombo, 2005). For the first 
time, the HSBM provides a single framework which dynamically links non-ideal explosive 
detonation code to a geomechanical rock or material model (Chitombo, 2005). This provides 
the potential to model and predict (Chitombo, 2005): 
 
• The resulting dynamic forces of the rock/explosive interface for a given explosive and 
confinement. 
• Rock breakage (micro and macro damage causing fracturing). 
• Gas flow through the fracture network. 
• Resulting fragmentation and displacement of the rock material. 
 
In its current form the HSBM is considered to be a research tool, used to model limited but 
representative blast volumes (Chitombo, 2005). It has been described as an advanced and 
sophisticated learning tool with full potential to develop into an excellent blast simulation and 
design tool (Chitombo, 2005).  
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The computational kernel for the HSBM uses the three dimensional distinct element program 
PFC3D developed by the Itasca Consulting Group (Chitombo, 2005). The model is composed 
of distinct spherical particles that displace independently of one another, interacting only at 
contacts or interfaces between the particles (Ruest et al, 2006). The particles are assumed to be 
rigid, and the behaviour of the contacts is characterised with a soft-contact approach in which 
finite contact stiffnesses allow an assembly of particles to reproduce the elastic behaviour of a 
material such as rock (Ruest et al, 2006). Complex behaviour can be modelled by allowing the 
particles to be bonded together at their contact points (Ruest et al, 2006). When the inter-
particle forces acting at any bond exceed the bond strength, that bond is broken (Ruest et al, 
2006). The interaction of bonded blocks can then be modelled to investigate mechanisms such 
as the formation of cracks that may cause blocks to fragment into smaller blocks (Ruest et al, 
2006). 
 
Coupling of an ideal or non-ideal detonation code to the HSBM allows the calculation of the 
detonation bore hole pressure, and in turn provides the loading conditions for the solid material 
and the pressure, density, and temperature conditions for the flow of gas into the fracture 
network (Ruest et al, 2006). In PFC3D the detonation of the explosive is assumed to proceed 
along a line defined by the bore hole axis. Because of limitations in particle size, the borehole 
is not defined explicitly within the model (Ruest et al, 2006). Instead the hole is discretised 
along its length, and particles intersecting the cylinder are designated as ‘explosive loaded 
particles’ and assigned to the blast hole discretisation (Ruest et al, 2006). This process can be 
referred to in Figure 7.6.  
 
 
Figure 7.6 – HSBM blast hole definition, discretisation, and loading (after Ruest et al, 2006) 
 
In PFC3D the forces are applied to explosively loaded particles. It is assumed in current 
detonation theory that there is negligible shear between the explosive and borehole surface, 
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and that only normal forces need to be considered (Ruest et al, 2006). The magnitude of the 
force is a function of the pressure at a point as it evolves with time (Ruest et al, 2006). Further 
details concerning the HSBM code can be referred to Chitombo (2005) and Ruest et al (2006). 
 
7.4.2 HSBM Ridgeway Blast Models 
Typical seven hole (marker trial 41) and eight hole (marker trial 8) blast designs were 
modelled in the HSBM code (HSBM 32 bit V1.1). Due to computer memory restrictions, a 
reduced sized model scaled down to 64 percent of the full scale blast ring dimensions was 
constructed This reduction in size resulted in model dimensions of length, height, and width of 
5 m, 25.5 m, and 15 m respectively. A long and cross section views of a constructed HSBM 
model for a typical seven hole blast design (marker trial 41) can be referred to in Figure 7.7. 
 
 
Figure 7.7 – Long and Cross Section Views of HSBM model for typical seven hole blast 
 
The blast designs in which the numerical modelling were based upon are shown in Figure D.49 
(marker trial 41) and Figure D.16 (marker trial 8) (Appendix D) for seven hole and eight hole 
blasts respectively. It should be noted that as drilled hole lengths and actual delivered 
explosive quantities were used for each model. HSBM parameter details for the two blasts are 
summarised in Table 7.3.  
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Table 7.3 – Summary of HSBM Parameters for Ridgeway SLC Blast Modelling 
Model Parameters Comments 
Model Dimensions 
Length (m) 5.0 Refers to model x-axis. 
Height (m) 25.5 Refers to model z-axis. 
Width (m) 15.0 Refers to model y-axis. 
Bounce Plane Distance (m) 0.3 Void width in front of blast burden (equivalent to a swell factor of 1.15). 
Blast Hole Geometry 
Hole Diameter (mm) 64 - 
Hole Length (m) 6.8 – 20.7 Range in blast hole lengths. 
Ring Inclination (º) 0 Ring plane assumed to be vertical. 
Explosive Properties 
Explosive Type Emulsion - 
Explosive Density (g/cm3) 1.15 - 
Explosive Column Length (m) 6.2 – 20.0 Range in explosive column lengths. 
Detonation Code Ideal - 
Initiation 
Nominal Delay 25 ms - 
Initiation Sequence - 
Symmetrically initiated from central 
hole/s in ring and outwards. 
Rock Properties 
Rock Type Granite 
Pre-determined rock types set in model. 
Granite considered representative of 
Ridgeway Volcanics. 
Number of Joint Sets 4 
Number and orientation of joint sets 
identified by scanline mapping in the 
5330 and 5305 production levels. 
Joint Strength Medium 
Pre-determined strength of jointing 
related to bond strength between 
particles. 
Model Properties 
Ball Size (cm) 20  Largest ball size in model. 
Gas Flow No - 
Model Run Time (ms) 120 Approximately 40 hours computer run 
time to model 120 ms. 
 
To simulate the impact of confined SLC blasting, a void ratio (Section 3.2.1) of approximately 
15 percent was created within the model by incorporating a 0.3 m air-gap in front of the blast 
burden (defined as bounce plane distance). A model vertical ‘bounce plane’ was created at the 
edge of the air-gap 0.3 m in front of the burden to act as a solid ‘wall’, stopping particles from 
moving in the x-axis direction at this point. Particles were allowed to move freely in the y-axis 
and z-axis directions. The purpose of the air-gap and bounce plane combination was to 
simulate the effect of cave material compaction and subsequent swell of the blasted material. 
Although the incorporation of an air-gap and bounce plane is not ideal (with respect to 
modelling cave material compaction under dynamic loading) it does provide a first 
approximation to the confined nature of SLC blasting.  
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A number of modelling issues were identified for the HSBM with respect to blast geometry 
size. To improve computer performance and reduce memory requirements, the model size was 
reduced in the following ways: 
 
• Blast geometry was reduced to 64 percent of original size. 
• Ring inclination was made vertical (instead of 10º towards the cave) to reduce the volume 
of rock in the model. 
• Nominal initiation time was set to 25 ms instead of the more common 50 ms used at 
Ridgeway. 
• Ball size was set to the maximum diameter of 20 cm. 
• Gas flow logic was turned off for modelling. 
 
Due to the research nature of the HSBM and complex issues associated with SLC blasting, a 
number of assumptions and limitations are associated with the model results: 
 
• The model only considers the stress component of the blasting process (no gas flow 
modelled). 
• An air-gap/bounce plane combination is assumed to model the compaction of cave material 
and subsequent swell of the blasted burden. 
• Scaling issues associated with the reduction in model size, with respect to full scale 
geometry, on modelling results not considered.  
• No pre-conditioning of the blast burden from the previous ring blast was modelled. 
• Only ideal detonation of emulsion explosive modelled (no non-ideal modelling 
undertaken). 
• No in situ stress field considered. 
 
Although a number of assumptions and limitations exist for the SLC blast ring model, it is still 
considered a valuable tool to improve the understanding of confined blasting dynamics. In 
particular it can be used to investigate the influence of blast design on rock mass damage and 
fragmentation. By observing the development of rock mass damage over the duration of the 
blast, an understanding of the mechanisms resulting in poor blast performance can be 
developed. This applies to all aspects of poor detonation performance including non-
detonation, partial detonation, overbreak, and over confinement. Identifying fine and coarse 
fragmentation zones within the blast burden can help in further understanding the complexities 
associated with extraction zone recovery.   
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7.4.3 SLC Blast Dynamics Modelled by the HSBM 
It has been noted previously that SLC blast dynamics and their impact on material flow 
behaviour are poorly understood. The major objectives of the HSBM study were to identify 
blast dynamics which could influence blast performance, and in turn identify areas of fine and 
coarse fragmentation within the blast burden which could impact on material flow behaviour. 
The study was divided into four separate blast models investigating complete and partial hole 
detonation. These models consisted of: 
 
1. Model 1 - seven hole blast pattern with all holes detonating. 
2. Model 2 - seven hole blast pattern with holes 3 and 5 not detonating. 
3. Model 3 - eight hole blast pattern with all holes detonating. 
4. Model 4 - eight hole blast pattern with holes 3 and 6 not detonating. 
 
As discussed in Section 7.3, the most common form of detonation malfunction (after possible 
over confinement) was non-detonation, partial detonation, or overbreak issues associated with 
holes initiated on the second delay. For this reason blast Model 2 and Model 4 were initiated 
with the worse case scenario of holes 3/5 and 3/6 not detonating for the seven hole and eight 
hole blast designs respectively. The major objective of modelling these scenarios was to assess 
the impact of non-detonating holes on rock fragmentation within the blasted burden. 
 
SLC Blast Dynamics Influencing Blast Performance 
Figure 7.8 and Figure 7.9 show graphically the blast dynamics over time for Model 1 and 
Model 3 respectively (animations of the modelled sections can be referred to in Appendix H). 
The figures show a series of sections in plan view (0.6 m thick) taken at mid-ring level 
(approximately 10.5 m above the drive roof) for various points in time during the blasting 
process.  Model times in which sections are displayed highlight the detonation of the centre 
hole/s and resulting rock mass damage (0 ms, 1ms, 2ms, 8 ms, 16 ms), and subsequent 
detonation of holes at 25 ms (28 ms), 50 ms (53 ms), and 75 ms (78 ms, 100 ms, and 120 ms). 
The red circles in the figures indicate the original location of blast holes (first section shows 
the blast holes numbered). 
 
The blue discs in Figure 7.8 and Figure 7.9 indicate that breakage between two particles (balls) 
has occurred (Ruest et al, 2006). This breakage is referred to as micro-cracking (Ruest et al, 
2006). In the crushed zone surround the model blast hole, nearly all the bonds will be broken 
and replaced by micro-cracks. Beyond the crushed zone, radial fractures develop as hoop 
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stresses causing tensile cracking as micro-cracks coalesce into discrete cracks (Ruest et al, 
2006). Micro-cracking provides a means to assess visually the impact of detonation on rock 
mass damage. Movement vectors are represented in the sections by black lines which indicate 
particle velocity direction and magnitude (line length). The highest velocity vectors are related 
to burden movement associated with detonating blast holes.  
 
The results in Figure 7.8 and Figure 7.9 provide an insight into SLC blast dynamics over the 
period of blast ring detonation. Micro-cracking provides an indicative guide to rock mass 
damage, which in turn can be used as an aid to interpret detonation performance, confinement 
issues, and backbreak. From the sections the following conclusions can be made: 
 
• Initiation of centre holes on the first delay results in dilation and micro-fracturing along a 
significant portion of defined joint sets.  
• A significant proportion of the burden for both seven hole and eight hole blasts moves 
forward after the detonation of the centre hole/s on the first delay interval. This can be 
clearly seen in the 8 ms section by the direction and magnitude of velocity vectors. In both 
blast design cases, this indicates a detachment of a section of rock within the burden from 
the blast ring plane. For the seven hole blast design block detachment occurs in front of 
holes 4, 5, and 6. For the eight hole blast design block detachment occurs in front of holes 
2, 3, 4, 5, and 6. It is possible that the detonation of these holes could be impacted by 
overbreak issues. 
• A degree of rock mass damage surrounds hole 5 and holes 3 and 6 for seven hole and eight 
hole blast designs respectively after initiation of the first delay. This could impact on the 
integrity of these holes, resulting in hole dislocation and potential non- or partial detonation 
of the explosive column. 
• Initiation of the second delay (28 ms section) only shows burden movement in front of 
holes 2 and 3 for the seven hole blast design. This further provides evidence that overbreak 
issues are associated with hole 5 and holes 3 and 6 for the seven hole and eight hole blast 
designs respectively.  
• Micro-fracturing from the detonation of holes at the second delay interval indicate some 
blast hole damage to hole 2 and hole 7 for seven hole and eight hole patterns respectively. 
This could impact on the integrity of these holes, resulting in hole dislocation and potential 
non- or partial detonation of the explosive column. 
• Initiation of the third delay (53 ms section) shows burden movement in front of hole 2 and 
significant micro-fracturing in front of hole 6 for the seven hole blast design. For the eight 
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hole pattern burden movement is evident in front of hole 2. This would provide evidence 
that overbreak is not a significant issue for these three holes. However, no burden 
movement or increase in micro-fracturing is evident for hole 7 in the eight hole pattern. 
This may indicate that overbreak detonation issues may arise for this hole.  
• No significant rock mass damage is apparent at holes 1 and 7 and holes 1 and 8 for seven 
hole and eight hole blast patterns respectively after initiation of holes on the third delay 
interval. 
• Initiation of the final delay (78 ms section) shows significant micro-fracturing in front of 
holes 1 and 7 and hole 8 for the seven hole and eight hole blast designs respectively. 
Negligible burden movement of micro-fracturing was noted to occur in front of hole 1 for 
the eight hole pattern. The reason for this is unclear. 
 
The conclusions reached from the visual inspection of Figure 7.8 and Figure 7.9 reflect, to a 
certain extent, the results from vibration monitoring at Ridgeway. The modelling results 
indicate that significant rock mass damage occurs in the vicinity of the hole/s detonated on the 
first delay. This results in significant damage to holes (hole dislocation) detonated on the 
second delay, and dislocation and damage to the rock mass in front of these holes. Vibration 
records appear to confirm this, with 50 percent of holes detonated on the second delay 
impacted by non-detonation, partial detonation, or overbreak issues. For the detonation of 
holes on the third delay, a number of potential issues associated with hole dislocation and 
overbreak were identified. These issues were not to the extent identified for holes detonated on 
the second delay, and are not highlighted in the vibration records obtained at Ridgeway. It is 
difficult to identify from the models if over confinement is an issue for the shoulder holes 
(detonated final delay interval), as potentially identified from the vibration records. 
 
SLC Blast Fragmentation 
To assess the potential impact of blast performance on extraction zone recovery a comparison 
between ‘fine’ and ‘coarse’ fragmentation zones within each marker ring plane for the four 
models was conducted. The major assumption of this analysis is that finer fragmented material 
is more likely to report to the drawpoint compared to coarser or unfragmented material. To 
obtain an appreciation of the location of fragments within the modelled blast burden, the 
individual balls or particles were clumped after 120 ms model time. The clumping logic within 
PFC3D provides a means to create and identify individual fragments (or blocks) within the 
model. Figure 7.10 and Figure 7.11 show the results of clumping for Models 1/2 (seven hole 
pattern) and Models 3/4 (eight hole pattern) respectively.  
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Each section in Figure 7.10 and Figure 7.11 represents a cross section corresponding to marker 
Ring 1, 2, or 3 (with blast ring design overlaid). The sections on the left side of each figure 
show the clumped fragments (and individual model balls). In these sections green zones 
represent the rock mass that has not been fragmented, while blue zones represent fragments 
formed by individual balls. Other individual fragments are represented as clumped balls with 
unique colour codes. The blue zones can be assumed to represent areas of fine fragmentation, 
which are shown on the right hand side of each figure. Based upon the model results the 
following conclusions can be made: 
 
• The distribution of fine and coarse fragmentation across the blast burden is not uniform for 
any of the models. 
• The size of the fine fragmentation zone decreases in turn from marker Rings 3, 2, and 1 
respectively for all models. This is not unexpected, as this observation corresponds to 
increased distance from the blast ring plane (i.e. the percentage of coarse fragmentation 
increases with distance from the blast ring plane). Although damage pre-conditioning of 
the rock mass from the previous blast ring is not considered in this analysis, it is not likely 
to extend to a significant distance into the modelled burden based upon the backbreak 
damage observed in Figure 7.8 and Figure 7.9. 
• For complete detonation of seven hole and eight hole models the fine fragmentation zone is 
relatively continuous for marker Ring 3. Additionally, the fine fragmentation zone for 
marker Ring 3 is more extensive for an eight hole pattern when compared to a seven hole 
pattern. This observation agrees well with the primary extraction zone recovery generally 
being made up of one ‘continuous’ flow zone for marker Ring 3 (refer Section 4.5). 
• Coarse fragmentation zones are observed in the shoulder and apex regions of marker Ring 
3 for the seven hole blast design with all holes detonating. This observations is seen to a 
much less extent for the equivalent eight hole blast design. 
• For marker Rings 1 and 2 the fine fragmentation areas for complete hole detonation form 
more discrete zones compared to the relatively continuous nature observed for marker Ring 
3. This is particularly evident for the seven hole blast design. This observation agrees well 
with the primary extraction zone recovery for marker Rings 1 and 2 being described as 
‘fingers’ of material flow (refer Section 4.5).  
• The impact of non-detonation for holes on the second delay interval on fine fragmentation 
area is pronounced, especially for marker Ring 3. In relation to model results for all holes 
detonating, there is a significant decrease in fine fragmentation area for marker Ring 3, 
with this effect diminishing for marker Ring 2 and 1 respectively.  
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• For the eight hole pattern with holes not detonating, it can be observed that more discrete 
zones of fine fragmentation occur relative to the comparable model with all holes 
detonating, for all marker rings.      
 
Based upon the HSBM results it could be argued that modelled fine fragmentation zones are 
loosely related to extraction zone recovery shapes discussed in Chapter 4. Both the shape of 
measured extraction zone recovery and modelled fine fragmentation areas are generally 
irregular in nature, consisting of a ‘continuous zone’ near the blast ring plane (marker Ring 3) 
and ‘finger zones’ further from the blast ring plane (marker Rings 1 and 2).  
 
Detonation issues associated with holes on the second delay interval appear to have a large 
impact on the creation of fine and coarse model fragmentation zones. For blast models having 
detonation issues there was a significant decrease in fine fragmentation area for marker Ring 3, 
with this effect diminishing for marker Ring 2 and 1 respectively. Assuming extraction zone 
recovery can be partially related to modelled fine fragmentation area, poor blast performance 
could have a detrimental impact on overall material recovery. The impact of detonation 
performance on Ridgeway extraction zone recovery is discussed in the following section. 
 
7.5 Blast Performance and Extraction Zone Recovery Correlation Analysis 
The SOM analysis (Chapter 5) indicated a number of possible correlations between blast 
performance and extraction zone recovery. Blast performance was analysed as a categorical 
parameter (refer Section 6.4.1), with no and yes statements used to categorise no detonation 
and detonation issues respectively. In this section detonation issues are assumed to be related 
to non-detonation, partial detonation, or overbreak issues associated with any blast hole for a 
given marker trial. These blast holes are identified by highlighted orange and red cells in Table 
7.1 and Table 7.2 respectively. Sympathetic detonation and over confinement of blast holes 
were not considered as detonation issues for this analysis. Detonation issues (as defined in this 
section) were identified for approximately 61 percent of marker trials with vibration records, 
being subdivided further with 63 percent and 56 percent for seven hole and eight hole blast 
designs respectively.   
 
Box and whisker plots of the identified SOM correlations between blast performance and 
extraction zone recovery can be referred to in Figure 7.12 (a total of 14 correlations identified). 
The box and whisker plots show a generally higher recovery range for blasts with no 
detonation issues when compared to blasts with detonation issues. It can also be noted that a 
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number of outlier and extreme data points are evident for both blasts with and without 
detonation issues.  
 
Table 7.4 and Table 7.5 summarises the results for a basic statistical analysis and statistical 
comparison between no detonation and detonation issues respectively. The highlighted red 
cells in Table 7.4 indicate that the assumption of normality or equal variance is satisfied (p < 
0.05). The results indicate that the assumptions of normality and equal variance are not 
satisfied for any of the analysed cases. These results provide the basis for the selection of an 
appropriate statistical test methodology to compare recovery results between the no and yes 
groups within the detonation issue parameter. 
 
The results in Table 7.5 summarise the statistical comparison for t test (were appropriate) and 
nonparametric test methodologies. Cells highlighted in red indicate a statistical significant 
difference (p < 0.05) in recoveries between blasts with and without detonation issues. 
Considering that the Mann-Whitney U test is identified as the most powerful nonparametric 
test, it can be concluded that there is a significant statistical difference between blasts 
identified to have no detonation issues and detonation issues for all recoveries identified by 
SOM analysis, except for primary recovery – ring 3, tertiary recovery – ring 3, total primary 
recovery – ring 3 (including and excluding backbreak), total secondary recovery – ring 3 
(including and excluding backbreak), and total tertiary recovery – ring 1 (excluding 
backbreak). This finding equates to statistical significant differences occurring for 50 percent 
of the SOM identified correlations. 
 
The statistical results support the SOM analysis findings that detonation issues appear to 
influence identified extraction zone recovery parameters. Detonation issues in particular seem 
to influence total secondary recovery in marker Ring 2 and tertiary recovery in marker Rings 2 
and 3. Correlations were also noted to occur for tertiary recovery – ring 1. This would support 
the theory that detonation issues influence total secondary and tertiary recovery close to the 
blast ring, with this effect not being evident for marker Ring 1. However, it should be noted 
that detonation issues may in turn be related to other blast parameters. The SOM analysis of 
correlations between blasting, drawpoint, and geological parameters summarised in Table 5.8 
indicates a significant number of correlations between detonation issues and other blast 
parameters. Although it is difficult to determine which blast parameters are impacting on 
recovery, it could be theorised from the numerical modelling results in Section 7.4 that 
detonation issues would at least in part impact on extraction zone recovery.    
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7.6 Conclusions 
Blast performance in this chapter is related to explosive initiation and subsequent explosive - 
rock mass interaction. Of particular importance was the identification of partially or non-
detonated blast holes within the blast ring. Such occurrences can have a significant impact on 
material fragmentation and looseness, and therefore flow behaviour and ore recovery. For the 
Ridgeway marker trials, blast vibration records were used to characterise this performance. 
Although this monitoring method is relatively straight forward to implement in the field, the 
results can be difficult to interpret with several possible explanations argued. Detonation issues 
most commonly identified by vibration records for the marker trials related to the non-
detonation, partial detonation, overbreak, and over confinement of explosive charges.  
 
From the vibration monitoring results a number of detonation issues were found to occur, 
especially for holes initiated on the second and last delay intervals. Of the vibration records 
analysed, 89 percent of marker trials were found to contain some type of detonation issue. 
Holes initiated on the second delay interval were impacted by possible non-detonation, partial 
detonation, or overbreak issues for 50 percent of the vibration records. Additionally, 57 percent 
of trials were effected by over confinement issues associated with the blast shoulder holes. The 
impact of these issues could potentially have a large impact on blast fragmentation and blasted 
material bulk density, in turn resulting in poor extraction zone recovery.  
 
To improve the understanding of the impact of blast performance on extraction zone recovery, 
numerical modelling of typical Ridgeway SLC blast designs using the HSBM was utilised. The 
major objectives of the HSBM study were to identify blast dynamics which could influence 
blast performance, and identify areas of fine and coarse fragmentation within the blast burden 
which could impact on material flow behaviour. The modelling was divided into four 
individual blast components investigating complete and partial detonation of the blast ring for 
seven hole and eight hole patterns. Partial detonation numerical models were related to the 
non-detonation of blast holes initiated on the second delay interval.  
 
The observed HSBM blast dynamics reflected to a certain degree the results obtained from 
vibration monitoring. The modelling results indicated that significant rock mass damage 
occurred in the vicinity of the blast hole/s detonated on the first delay. This resulted in 
significant damage to holes detonated on the second delay and rock mass dislocation and 
damage in front of these holes. It could be concluded that damage to these holes could lead to 
hole cut-offs and subsequent non-detonation or partial detonation of explosive columns, and 
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overbreak issues. For the detonation of holes on the third delay, a number of potential issues 
associated with hole dislocation and overbreak were identified. These issues were not to the 
extent identified for holes detonated on the second delay, and are not highlighted in the 
vibration records. 
 
To assess the potential impact of blast performance on extraction zone recovery a comparison 
between ‘fine’ and ‘coarse’ fragmentation zones within each marker ring plane for the four 
models was conducted. The major assumption of this analysis is that finer fragmented material 
is more likely to report to the drawpoint compared to coarser or unfragmented material. Both 
the shape of measured extraction zone recovery and modelled fine fragmentation areas were 
generally irregular in nature, consisting of a ‘continuous zone’ near the blast ring plane 
(marker Ring 3) and ‘finger zones’ further from the blast ring plane (marker Rings 1 and 2). 
Detonation issues associated with holes on the second delay interval appear to have a large 
impact on the creation of fine and coarse model fragmentation zones. For blast models having 
detonation issues there was a significant decrease in fine fragmentation area for marker Ring 3, 
with this effect diminishing for marker Ring 2 and 1 respectively. Assuming extraction zone 
recovery can be partially related to modelled fine fragmentation area, poor blast performance 
could have a detrimental impact on overall material recovery.  
 
Statistical correlation results support the SOM analysis findings that detonation issues appear 
to influence identified extraction zone recovery parameters. Detonation issues in particular 
were identified to influence total secondary recovery in marker Ring 2 and tertiary recovery in 
marker Rings 2 and 3. Based upon the most likely theory relating blasting parameters to 
extraction zone recovery (Section 6.7.2) and the analysis discussed in the chapter, it can be 
concluded that detonation issues in part impact on extraction zone recovery.  
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CHAPTER 8 
 
DEVELOPMENT OF AN ELECTRONIC MARKER SYSTEM TO 
MONITOR SUBLEVEL CAVING FLOW 
 
 
An understanding of material flow behaviour through full scale marker trials is critical to the 
success of the SLC mining method. Existing methods of flow behaviour monitoring use metal 
or plastic markers (with unique identification numbers stamped upon them) installed and 
grouted in drill holes located within the ring burden to be blasted. Recovery of these markers 
is usually by visual means at the drawpoint or by magnetic separation (for metal markers) 
within the material handling process (normally after primary crushing). A number of 
limitations are associated with both methods of marker recovery. To overcome these 
limitations, an electronic marker system (EMS) was developed to supplement existing methods 
of marker recovery. It was envisaged that the system would combine real time draw results 
associated with current visual assessment techniques at the drawpoint, with high recovery 
results obtained from magnetic separation of markers within the material handling process. 
Such results would provide a reliable insight to the development of the extraction zone over 
time. 
 
 
8.1 Introduction 
The major disadvantage of the SLC mining method is the relatively high dilution of the ore by 
caved waste. A major factor influencing this dilution is the flow behaviour of the ore and waste 
material. For this reason, full scale monitoring of SLC flow behaviour is critical to achieve 
improvements in ore recovery and reductions in dilution. Existing methods of monitoring flow 
behaviour have used metal or plastic markers (with unique identification numbers stamped 
upon them) installed and grouted in drill holes located within the ring burden to be blasted. 
Recovery of markers is generally undertaken visually at the drawpoints or by recovery within 
the material handling process (generally by magnetic separation). The recovered markers are 
then used to define the extraction zone at various locations within the blasted ore burden. To 
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date, recovered markers have defined the extraction zone from primary to quaternary recovery. 
Two major limitations are associated with these methods of monitoring: 
 
1. Relatively low marker recovery by visual means at the drawpoint. Visual recovery of 
markers have ranged from 70 percent (Janelid,1972) for small SLC geometries to under 30 
percent for current SLC geometries (Gustafsson,1998; Power, 2004). 
2. No indication of ‘percentage draw’ (or development of the extraction zone over time) when 
markers are recovered within the material handling system. The most common method of 
recovery within the handling system is by magnetic separation after primary crushing of 
the ore. 
 
To overcome these limitations, the development of an electronic marker system (EMS) to 
supplement existing methods of monitoring full scale SLC ore flow behaviour was proposed. 
The desired result of any developed system would be to combine real time draw results 
associated with current visual assessment techniques at the drawpoint, with high recovery 
results obtained from magnetic separation of markers within the material handling process. 
 
8.2 Electronic Marker System Specifications 
A number of design specifications were outlined at the start of the EMS prototype 
development, which included: 
 
• Markers must be robust enough to survive the initial blasting process and subsequent flow 
in the cave. 
• Markers must ‘sleep’ for up to two years (six months primary, one year secondary, and two 
years tertiary recovery respectively). 
• Marker dimensions of 65 mm in diameter and 250 mm long (corresponding to the average 
blast fragmentation P50 length at the Ridgeway SLC operation). 
• Body of the marker to be mainly non-magnetic with optional addition of metal to allow 
magnetic separation in the material handling process. 
• Markers to transmit a unique identification number.  
• Markers to transmit through rock at an adequate distance for receivers to obtain signal. 
• Method of identifying markers correctly if multiple markers are concurrently detected (i.e. 
multiple markers in the same bucket load of material). 
• Unit manufacturing cost to be under A$ 100 per marker after prototype development. 
 
Chapter 8 – Development of an Electronic Marker System to Monitor Sublevel Caving Flow 
185 
Radio frequency identification (RFID) technology was identified as a possible solution to the 
development of an EMS. RFID was first developed during World War II, and first appeared 
commercially in the early 1980’s (Baird, 2004). The technology has historically been used for 
niche applications, primarily closed loop, high-end asset tracking (Baird, 2004). 
 
8.3 Radio Frequency Identification (RFID) 
RFID is a technology that incorporates the use of electromagnetic or electrostatic coupling in 
the radio frequency (RF) portion of the electromagnetic spectrum to uniquely identify an 
object, animal, or person. RFID is coming into increasing use in industry as an alternative to 
the bar code. The advantage of RFID is that it does not require direct contact or line-of-sight 
scanning. An RFID system consists of three components:  
 
1. Transponder (Tag). A transponder is a wireless communications, monitoring, or control 
device that picks up and automatically responds to an incoming signal. The term is a 
contraction of the words transmitter and responder. Transponders can be either passive or 
active. 
2. Antenna. An antenna is a specialized transducer that converts radio-frequency (RF) fields 
into alternating current (AC) or vice-versa. There are two basic types: the receiving 
antenna, which intercepts RF energy and delivers AC to electronic equipment, and the 
transmitting antenna, which is fed with AC from electronic equipment and generates an RF 
field. 
3. Transceiver. A transceiver is a combination transmitter/receiver in a single package. In a 
radio transceiver, the receiver is silenced while transmitting. The transmitter and receiver 
can either be connected to the same antenna or to separate antennas. Associated with the 
transceiver is a decoder unit which extracts the required information from the received 
signal. 
 
The antenna uses radio frequency waves to transmit a signal that activates the transponder. 
When activated, the transponder transmits data back to the antenna. The data is used to notify a 
programmable logic controller that an action should occur. The action could be as simple as 
storing a unique serial number or as complicated as interfacing with a database to carry out a 
monetary transaction. The RFID system can read through a variety of substances such as snow, 
fog, ice, paint, and other visually and environmentally challenging conditions, where barcodes 
and other optically read technologies would not function (AIM, 2006).  
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8.3.1 Transponder Types 
RFID transponders come in two major classes, passive and active. The primary difference 
between an active and passive transponder is the power source, which in turn determines a 
number of key attributes including signal strength, memory capability, size, and cost (Baird, 
2004).  
 
A passive transponder does not contain a local power source (i.e. a battery) for signal strength, 
instead receiving power from an RF field generated by the RFID system. Since energy from 
the RFID system supplies transmission power, passive transponders operate only over 
relatively short ranges. In addition, some transponders at certain frequency ranges have 
difficulty performing in environments where a large amount of interference exists, including 
the presence of metals, liquids, and other RF energy sources. Passive transponders are less 
expensive, smaller in size, lighter in weight, have longer lives, and are subject to less 
regulation relative to active transponders. For these reasons, passive transponders are the most 
commonly used in industry to date (Baird, 2004). 
 
Active transponders contain a battery that acts as a local power source for transmission 
purposes. This enables a stronger signal which gives these transponders a number of 
advantages over passive transponders including longer read ranges, and less susceptibility to 
interference. However, due to the addition of a battery, active transponders are typically larger, 
more expensive, and have shorter life expectancies than passive ones. These transponders are 
historically used to track high-end assets over long ranges (Baird, 2004). 
 
8.3.2 Operating Frequency 
Choice of radio frequency is a key operating characteristic of RFID systems. Frequencies are 
generally divided into four broad categories (Lahiri, 2005): 
 
1. Low frequency (LF) between 30 kHz and 300 kHz. 
2. High frequency (HF) between 3 MHz and 30 MHz. 
3. Ultra high frequency (UHF) between 300 MHz and 1 GHz. 
4. Microwave frequency upward from 1 GHz. 
 
Each frequency range has advantages and disadvantages relative to its capabilities. No single 
frequency is ideal for all applications, even within a single industry. Table 8.1 summarises key 
characteristics for the various RFID frequency ranges. 
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The operating frequency is usually chosen to suit the desired system requirements. Lower 
frequencies generally provide better signal penetration through non-metallic materials, but 
transmit at relatively short ranges with lower data transmission rates. Lower frequencies are 
also more susceptible to electrical interference from other sources such as machinery and other 
system transmissions.    
 
8.3.3 Read Range 
Read range is dependent upon a number of factors including the type of transponder (passive 
or active), operating frequency, antenna design, system power, transponder power 
consumption, receiver sensitivity, and environmental constraints. Passive transponders have 
short read ranges relative to active ones, due to the battery supply in active transponders 
increasing transmission power. LF and HF systems use induction communication, with read 
range in the order of two metres for passive transponders. UHF and microwave systems use 
propagating waves and have operating ranges of up to 10 metres for passive transponders and 
100 metres or more in the case of active transponders (RFIP, 2006). 
 
8.4 Electronic Marker System Development 
An initial investigation of current commercial RFID technologies revealed that they were not 
adequate to meet the EMS specifications outlined in Section 8.2. The type of RFID technology 
required for an EMS is based upon the key specification of a signal being transmitted and 
decoded through a significant amount of blasted rock in an LHD bucket. Based upon this 
requirement, a LF system using an active transponder was considered. Four major 
disadvantages, outlined in Table 8.1, are apparent with this type of RFID technology: 
 
1. Read range of the system is relatively short. 
2. The system is susceptible to electrical interference from other sources (such as the LHD 
itself). 
3. Only one transponder can be in range of the system at one time for the signal to be received 
and decoded. 
4. Low data transmission rates, therefore requiring the transponder to be in range of the 
system for an extended period of time.  
 
Commercially available LF RFID systems are predominantly passive in nature, with active 
systems usually custom designed for specific applications (Amtel, 2006). Due to the unique 
specifications of an EMS, no known LF RFID system was identified to be available at the time 
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of development. Development of a prototype EMS based on RFID principles was therefore 
undertaken to provide a ‘proof of concept’ for future development and manufacturing. 
Development occurred over an 11 month period from January to November 2005. During this 
time the system was modified several times to improve performance and reliability, and unit 
cost. Development of the system can be divided into two broad categories: 
 
1. System hardware. This includes the electronic marker (transponder), antennas, and 
transceiver. 
2. Software. This includes the logic control of the electronic marker and transceiver, signal 
decoding, decoding error correction, and data logging. 
 
System hardware and software development occurred concurrently in two project phases. 
Phase 1 occurred over a three month period, with the design and construction of the first 
prototype system. Initial ‘open air’ trials indicated that the system functioned, but several 
limitations existed. These limitations were predominantly associated with the read ranges of 
the system. Redesign and modification of the initial system design was undertaken in Phase 2 
of the project to improve performance and reliability. Further field trials were undertaken 
during this phase of the project, which included underground trials. A detailed discussion of 
the system validation work is contained in Section 8.7. 
 
8.5 Electronic Marker System Components 
As with an RFID system, the EMS can be divided into three major components – an electronic 
marker (transponder), antennae, and transceiver. The antennae can be further divided into a 
transmitting antenna (to wake-up the electronic marker) and a series of receiver antennae (to 
receive the electronic marker transmitted signal). Both the transmitting and receiving antennae 
are connected to the transceiver, which controls the wake-up transmission signal and the 
receiving, decoding, and logging of the electronic marker serial number. The following 
sections provide a general overview of the system components, with a detailed discussion of 
system hardware and software design contained in Appendix I. 
 
8.5.1 Electronic Marker (Transponder) 
The electronic marker is the most critical component of the overall system. The marker must 
be able to survive the blasting process, material flow, and subsequent excavation, while at the 
same time being able to transmit through a substantial amount of blasted rock material in an 
electromagnetically ‘noisy’ environment. Due to these extreme conditions the marker must be 
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robust enough to protect the internal electronics, coils, and batteries. The electronic marker can 
be divided into four main components: 
 
1. Casing. This provides protective layers of both PVC and metal to the internal electronics, 
coils, and batteries. The casings are cylindrical in nature, consisting of two internal PVC 
layers (inner and outer PVC casing) and an outer metal case.  
2. Coil (antenna). Each marker has two coils (a primary and secondary coil) wound down the 
length of its body around the inner PVC casing. The primary coil has five turns of copper 
foil and is used for transmitting. It couples to the secondary coil, consisting of 700 turns of 
copper wire, and the pair resonates at the transmitting frequency. This arrangement allows 
maximum energy transfer from the transmitting circuitry into the radiating magnetic field. 
The secondary coil has a large number of turns and is suitable for receiving signals (when 
listening for a wake-up signal and other electronic markers before transmitting its own 
signal). Resonating the coils at the communication frequency band enhances the 
transmitting and receiving behaviour of the marker. 
3. Battery. A significant power source is required for powering the marker during its sleep 
mode and for signal transmission. To achieve this three 3 V lithium batteries with a shelf 
life of 10 years and a 10.3 AH capacity were chosen for each marker.  
4. Circuit board. The electronics controlling the marker are divided into three circuit boards 
– an upper, middle, and lower. The upper and middle boards contain the analogue 
components that monitor the signal coming from the secondary coil and the digital control 
system respectively, while the lower board provides the high power output drive to the 
primary coil. 
 
A schematic section and actual photograph of the electronic marker are shown in Figure 8.1 
and Figure 8.2 respectively. Figure 8.1 shows the location of the metal and PVC casing, 
primary and secondary coil, batteries, and circuit board. The overall length and diameter of the 
marker is 249 mm and 61 mm respectively, with an internal diameter of 45 mm for the housing 
of batteries and circuit boards. An epoxy, with a high insulation resistance, was used to fill the 
internal cavity of the marker as well as any void between the PVC casings.  
 
The marker electronics are divided into three sections corresponding to an upper, middle, and 
lower circuit board. Each section was placed on a separate circuit board due to limited space 
inside the marker and to provide a measure of electrical isolation between the different 
electrical components (Wortley et al, 2005).  
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Figure 8.1 – Schematic section of electronic marker showing general layout of components 
 
 
Figure 8.2 – Photograph of electronic marker 
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8.5.2 Antennae 
The EMS has one transmitting antenna and multiple receiving antennae that are positioned 
above the path of an LHD. The transmitting antenna is a primary driven, secondary resonant, 
arrangement tuned to the mid-band of the logic frequencies (65.4 kHz). This arrangement 
allows maximum energy transfer from the transmitting circuitry into the radiating magnetic 
field. The antenna is circular with a diameter of 600 mm, having a primary coil consisting of 
two turns of 0.8 mm diameter copper wire and a secondary coil with 70 turns of 0.2 mm 
diameter copper wire.    
 
Each receiver antenna is hexagonal in shape with a width of 350 mm. The coil consists of 70 
turns of 0.2 mm diameter copper wire and is resonant at the communication frequency band 
(65.4 kHz). The antenna also contains a powered pre-amplifier to minimise signal loss and 
noise problems in the cabling to the transceiver module. There is (theoretically) no limit to the 
number of receiver antennae that can be deployed. A photograph of the transmission and 
receiver antennae is shown in Figure 8.3. 
 
 
Figure 8.3 – Photograph of transmission (left) and receiver (right) antennae 
 
8.5.3 Transceiver 
The transceiver is both a transmitting and receiving unit, responsible for waking the electronic 
marker, and receiving and decoding the marker signal. Due to the prototype nature of the 
system, the transceiver is made up of two electronic units (or boxes) and a laptop computer 
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(refer to photograph in Figure 8.4). Future versions of the transceiver would be miniaturised to 
be self contained in one unit.  
  
 
Figure 8.4 – Photograph of the transceiver module 
 
The transceiver units can be divided into three main modules:  
 
1. Signal detection module. This module takes the signal coming from the receiver antenna 
and outputs digital signals indicating the presence of frequencies representing Logic 0 and 
Logic 1. The circuit can be divided into three distinct sections - an amplifying section, a 
narrow bandpass filter section, and a digital level detector and interface section. 
2. Master control module. The function of the master controller is to monitor for the 
presence of an LHD, transmit a wake-up signal to any markers carried by the LHD, listen 
for marker response, decode any serial number codes that are received, and to pass the data 
on to a data logger for storage. 
3. Transmitter module. This module transmits a frequency for a period determined by the 
master control module to wake the electronic marker. 
 
The laptop computer is used to control the software algorithms related to signal decoding and 
error correction. 
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8.6 Electronic Marker System Operating Sequence 
The system operating sequence describes the logical progress in which the electronic marker is 
detected and logged by the system. The sequence is summarised in Figure 8.5, with the 
following steps followed (Wortley et al, 2005): 
  
1. Pre-programmed electronic markers are installed into drill holes in preparation for blasting. 
The markers are in their sleep mode with most circuitry inactive. 
2. The rock mass containing the markers is blasted.  
3. The marker is excavated by an LHD. 
4. The transceiver system is located along a path which the LHD will take, preferably at a 
point where the LHD is forced to slow (e.g. production drive intersection with perimeter 
drive). There is one transmitter antenna and several receiver antennae spaced further down 
the LHD path (located on the drive roof). The antennae connect to an electronics module 
containing the receiving decoder circuitry and the antenna transmitter drive circuitry. The 
LHD presence is detected automatically. 
5. As the LHD is detected the transmitter transmits a 0.5 second pulse at Logic 1 frequency 
(66.66 kHz) to wake-up any electronic markers in the bucket. 
6. Markers in the LHD bucket wake-up, enabling the remaining circuitry to operate and listen 
for Logic 0 (64.10 kHz) or Logic 1 (66.66 kHz) signals. Contention resolution software in 
the markers will cause the marker to transmit its serial number when it is able to. 
7. The receiving antennae spaced along the LHD path will receive the transmission from the 
electronic markers. The receiver decoding circuitry will resolve this signal into a binary 
sequence. The receiver will attempt to decode the serial number. 
8. Both the binary sequence and the serial number are sent on via a serial port on the receiver 
module to a data logging system. The data logger also decodes the binary sequence and is 
able to apply error detection and correction techniques to the stream. Ideally the serial 
numbers computed by both the logger and by the receiver are the same. The result is date 
stamped and logged.  
9. The markers, once initiated, will remain active for 20 seconds before returning to the sleep 
mode. In this way the marker is able to recover from any false triggering that may have 
occurred prior to entering the read zone. 
10. The transceiver waits until initiated by the LHD entering the read zone. It will listen for 
marker transmissions until either the LHD is detected leaving the zone or twenty seconds 
after LHD detection. It will then resume waiting for the next LHD to pass. 
 
Chapter 8 – Development of an Electronic Marker System to Monitor Sublevel Caving Flow 
195 
Electronic Marker Installed in SLC Ring
Ring Blasted
Electronic Marker Excavated by LHD
LHD Enters Vicinity of System
LHD Detected by System 
‘Wake-up’ Signal Transmitted
(0.5 second duration)
Electronic Marker ‘Wakes-up’
Electronic Marker Listen
for other Transmissions
Electronic Marker Transmits Serial Number
System Detects Signal
Signal Decoded and Logged
Electronic Marker Returns to Sleep State
(after 20 seconds of waking-up)
Electronic Marker Waits 
until no Marker is Transmitting
Other Transmission Detected
No Transmission
 
Figure 8.5 – Summary of EMS operating sequence 
 
8.7 Electronic Marker System Validation 
A number of validation field trials were undertaken during the development of the electronic 
marker system (EMS). The trials aimed at confirming that the hardware, software, and logic of 
the EMS functioned correctly, and to obtain a ‘proof of concept’ for future development and 
manufacturing of the EMS. The trials were conducted over a one year period from March 2005 
to March 2006, and can be divided into two broad components – surface and underground 
trials. A detailed summary of the surface and underground EMS trials are described in Table 
8.2. A total of nine trials, four surface and five underground, were undertaken in the one year 
period.  
Ch
a
pt
e
r 
8 
–
 
D
e
ve
lo
pm
e
n
t o
f a
n
 
El
e
ct
ro
n
ic
 
M
a
rk
e
r 
Sy
st
e
m
 
to
 
M
o
n
ito
r 
Su
bl
e
ve
l C
a
vi
n
g 
Fl
o
w
 
19
6 
Ta
bl
e 
8.
2 
–
 
Su
m
m
a
ry
 
o
f F
ie
ld
 
Va
lid
at
io
n
 
Tr
ia
ls
 
Tr
ia
l C
o
m
po
n
en
t 
D
a
te
 
Tr
ia
l D
es
cr
ip
tio
n
 
Su
rfa
ce
 
M
ar
ch
 
20
05
 
Th
e 
ai
m
 
o
f t
hi
s 
fie
ld
 
tr
ia
l w
as
 
to
 
co
n
fir
m
 
th
at
 
th
e 
ha
rd
w
ar
e,
 
so
ftw
ar
e,
 
an
d 
lo
gi
c 
o
f t
he
 
Ph
as
e 
1 
pr
o
to
ty
pe
 
EM
S 
fu
n
ct
io
n
ed
.
 
Th
e 
tr
ia
l w
as
 
u
n
de
rt
ak
en
 
in
 
a 
sp
o
rt
s 
fie
ld
 
in
 
B
ris
ba
n
e,
 
A
u
st
ra
lia
.
 
 
Ju
n
e 
20
05
 
A
s 
pa
rt
 
o
f a
dd
iti
o
n
al
 
w
o
rk
 
fo
r 
th
e 
se
co
n
d 
ph
as
e 
o
f E
M
S 
de
v
el
o
pm
en
t, 
tw
o
 
m
ar
ke
r 
tr
ia
ls 
in
 
he
m
at
ite
 
an
d 
m
ag
n
et
ite
 
re
sp
ec
tiv
el
y 
w
er
e 
co
n
du
ct
ed
 
at
 
th
e 
JK
M
R
C,
 
B
ris
ba
n
e.
 
Th
e 
ai
m
 
o
f t
he
 
tr
ia
ls 
w
er
e 
to
 
pr
o
v
id
e 
pr
el
im
in
ar
y 
in
fo
rm
at
io
n
 
co
n
ce
rn
in
g 
th
e 
im
pa
ct
 
o
f i
ro
n
 
o
re
 
m
at
er
ia
l o
n
 
th
e 
pe
rfo
rm
an
ce
 
o
f t
he
 
EM
S,
 
an
d 
th
er
ef
o
re
 
th
e 
sy
st
em
s 
po
te
n
tia
l t
o
 
o
pe
ra
te
 
in
 
th
e 
LK
A
B
 
SL
C 
iro
n
 
o
re
 
o
pe
ra
tio
n
.
 
Ju
ly
 
20
05
 
A
n
 
o
pe
n
 
ai
r 
tr
ia
l w
as
 
u
n
de
rt
ak
en
 
at
 
th
e 
Pe
rs
ev
er
an
ce
 
SL
C 
n
ic
ke
l o
pe
ra
tio
n
 
in
 
W
es
te
rn
 
A
u
st
ra
lia
 
to
 
de
te
rm
in
e 
th
e 
di
st
an
ce
 
at
 
w
hi
ch
 
th
e 
EM
S 
co
u
ld
 
w
ak
e 
an
d 
re
ce
iv
e 
a 
sig
n
al
 
fro
m
 
th
e 
Ph
as
e 
2 
pr
o
to
ty
pe
 
el
ec
tr
o
n
ic
 
m
ar
ke
r.
 
Se
pt
em
be
r 
20
05
 
A
 
fie
ld
 
tr
ia
l w
as
 
co
n
du
ct
ed
 
at
 
th
e 
M
t C
o
o
t-
th
a 
qu
ar
ry
 
in
 
B
ris
ba
n
e,
 
A
u
st
ra
lia
 
to
 
as
se
ss
 
th
e 
pe
rfo
rm
an
ce
 
o
f e
le
ct
ro
n
ic
 
m
ar
ke
rs
 
u
n
de
r 
bl
as
t 
lo
ad
in
g.
 
Th
re
e 
m
ar
ke
rs
 
w
er
e 
pl
ac
ed
 
in
 
th
e 
st
em
m
in
g 
zo
n
e 
o
f a
n
 
ex
pl
o
siv
e 
ho
le
,
 
0.
5 
m
 
ab
o
v
e 
th
e 
ex
pl
o
siv
e 
co
lu
m
n
.
 
Th
e 
EM
S 
w
as
 
u
se
d 
to
 
de
te
ct
 
th
e 
m
ar
ke
rs
 
an
d 
as
se
ss
 
th
ei
r 
su
rv
iv
ab
ili
ty
.
 
 
U
n
de
rg
ro
u
n
d 
Ju
ly
 
20
05
 
A
s 
pa
rt
 
o
f t
he
 
se
co
n
d 
ph
as
e 
o
f E
M
S 
de
v
el
o
pm
en
t, 
an
 
el
ec
tr
o
n
ic
 
m
ar
ke
r 
tr
ia
l i
n
 
an
 
LH
D
 
bu
ck
et
 
w
as
 
co
n
du
ct
ed
 
at
 
th
e 
Pe
rs
ev
er
an
ce
 
SL
C 
n
ic
ke
l o
pe
ra
tio
n
 
in
 
W
es
te
rn
 
A
u
st
ra
lia
.
 
Th
e 
ai
m
 
o
f t
he
 
tr
ia
l w
as
 
to
 
co
n
fir
m
 
th
at
 
th
e 
EM
S 
fu
n
ct
io
n
ed
 
in
 
an
 
u
n
de
rg
ro
u
n
d 
m
in
in
g 
en
v
iro
n
m
en
t i
n
 
pr
o
x
im
ity
 
to
 
an
 
LH
D
 
(i.
e.
 
sy
st
em
 
id
en
tif
ie
d 
m
ar
ke
r 
lo
ca
te
d 
in
 
LH
D
 
bu
ck
et
 
w
ith
 
br
o
ke
n
 
m
at
er
ia
l).
 
A
 
m
ar
ke
r 
w
as
 
pl
ac
ed
 
at
 
v
ar
io
u
s 
po
sit
io
n
s 
w
ith
in
 
th
e 
bu
ck
et
,
 
w
ith
 
m
ar
ke
r 
de
te
ct
io
n
 
o
cc
u
rr
in
g 
w
hi
le
 
th
e 
LH
D
 
w
as
 
st
at
io
n
ar
y.
 
Se
pt
em
be
r 
20
05
 
A
n
 
u
n
de
rg
ro
u
n
d 
LH
D
 
bu
ck
et
 
tr
ia
l w
as
 
co
n
du
ct
ed
 
at
 
th
e 
LK
A
B
 
K
iru
n
a 
SL
C 
o
pe
ra
tio
n
,
 
sim
ila
r 
to
 
th
at
 
co
n
du
ct
ed
 
at
 
th
e 
Pe
rs
ev
er
an
ce
 
o
pe
ra
tio
n
 
in
 
Ju
ly
 
20
05
,
 
to
 
de
te
rm
in
e 
th
e 
im
pa
ct
 
o
f m
ag
n
et
ite
 
o
re
 
o
n
 
th
e 
EM
S.
 
 
 
D
ec
em
be
r 
20
05
 
In
st
al
la
tio
n
 
o
f 2
2 
el
ec
tr
o
n
ic
 
m
ar
ke
rs
 
w
ith
in
 
a 
bl
as
t b
u
rd
en
 
at
 
th
e 
Pe
rs
ev
er
an
ce
 
SL
C 
o
pe
ra
tio
n
 
w
as
 
u
n
de
rt
ak
en
 
to
 
as
se
ss
 
m
ar
ke
r 
su
rv
iv
ab
ili
ty
 
u
n
de
r 
pr
o
du
ct
io
n
 
rin
g 
bl
as
t l
o
ad
in
g.
 
Th
e 
m
ar
ke
rs
 
w
er
e 
pl
ac
ed
 
in
 
six
 
m
ar
ke
r 
ho
le
s 
in
 
tw
o
 
rin
g 
pl
an
es
 
w
ith
in
 
th
e 
bl
as
t 
bu
rd
en
.
 
M
ar
ke
r 
ho
le
s 
lo
ca
te
d 
w
ith
in
 
ce
n
tr
al
 
po
rt
io
n
 
o
f b
la
st
 
rin
g 
to
 
m
ax
im
ise
 
pr
im
ar
y 
re
co
v
er
y 
o
f m
ar
ke
rs
.
 
M
ar
ch
 
20
06
 
B
la
st
in
g 
an
d 
de
te
ct
io
n
 
o
f e
le
ct
ro
n
ic
 
m
ar
ke
rs
 
in
st
al
le
d 
at
 
th
e 
Pe
rs
ev
er
an
ce
 
SL
C 
o
pe
ra
tio
n
 
in
 
D
ec
em
be
r 
20
05
.
 
EM
S 
u
se
d 
to
 
de
te
ct
 
re
co
v
er
ed
 
m
ar
ke
rs
 
in
 
th
e 
LH
D
 
bu
ck
et
 
du
rin
g 
ex
ca
v
at
io
n
 
o
f t
he
 
bl
as
t r
in
g.
 
A
dd
iti
o
n
al
ly
,
 
m
ar
ke
rs
 
re
co
v
er
ed
 
w
ith
in
 
th
e 
m
at
er
ia
l h
an
dl
in
g 
pr
o
ce
ss
 
(m
ag
n
et
ic
 
se
pa
ra
tio
n
) t
o
 
as
se
ss
 
ph
ys
ic
al
 
da
m
ag
e 
to
 
m
ar
ke
rs
.
 
M
ar
ch
 
20
06
 
Tw
o
 
el
ec
tr
o
n
ic
 
m
ar
ke
rs
 
pl
ac
ed
 
w
ith
in
 
a 
de
v
el
o
pm
en
t b
la
st
 
to
 
as
se
ss
 
su
rv
iv
ab
ili
ty
 
u
n
de
r 
ex
tr
em
e 
bl
as
t l
o
ad
in
g.
 
O
n
e 
m
ar
ke
r 
re
co
v
er
ed
 
in
 
de
v
el
o
pm
en
t f
ac
e 
af
te
r 
bl
as
t t
o
 
as
se
ss
 
ph
ys
ic
al
 
da
m
ag
e 
to
 
m
ar
ke
r.
 
Chapter 8 – Development of an Electronic Marker System to Monitor Sublevel Caving Flow 
197 
The surface trials were conducted in the first six month period to assess system performance 
during development, and to confirm that the system operated correctly before underground 
trials commenced. The majority of testing occurred in ‘open air’ where no material was placed 
between the electronic marker and antennae. Two trials were conducted that involved the 
placement of material between the electronic marker and antennae. The first trial was 
conducted with a marker placed in iron ore material to assess the systems applicability to the 
LKAB SLC iron ore operation. The second involved testing three electronic markers under 
dynamic loading in a quarry blast. 
 
Underground trials were conducted at the Perseverance SLC nickel operation in Western 
Australia, and the LKAB SLC iron ore operation in Sweden. They aimed at assessing the 
performance of the system in an LHD bucket containing various ore types, the impact of SLC 
ring blasting on electronic marker survivability, and the influence of electromagnetic 
interference on system transmitting and receiving performance.  
 
8.7.1 Surface Trials 
Four surface trials were undertaken between March and September 2005 to assess performance 
of both the Phase 1 and 2 prototype systems. In particular the trials aimed at assessing the 
functionality of the Phase 1 prototype EMS in ideal conditions, and improvements in 
performance of the redesigned Phase 2 system. These trials were important as it provided an 
opportunity to test the system before the commencement of underground trials.  
 
March 2005 Field Trial 
The aim of this field trial was to confirm that the hardware, software, and logic of the Phase 1 
prototype system functioned. A sports field located in Brisbane was chosen for the trial site as 
it provided ideal testing conditions with low background electromagnetic interference or 
‘noise’. As discussed in Section 8.4, one of the limitations of a LF system is its susceptibility 
to electromagnetic interference. By limiting this interference, it was felt that an objective first 
trial assessing EMS performance could be made.    
 
Photographs of the configuration of the field trial are shown in Figure 8.6. The receiving and 
transmitting antennae were located on the ground. It should be noted that the receiving antenna 
for the Phase 1 system consisted of a rectangular loop of wire, with dimensions of 5 m by 20 m 
(grey cable in Figure 8.6). Electronic markers were held at various locations and angles within 
the receiving antenna (optimal position of the marker in relation to the receiving antenna is at 
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right angles). To test contention logic of multiple electronic markers in the vicinity of each 
other, three markers were used concurrently. The spacing between the three markers was 
varied, to assess the read range between markers (i.e. the distance at which the markers can 
‘listen’ to one another). 
 
 
 
Figure 8.6 – Photographs of surface field trial undertaken in March 2005 
 
The results of the trial were encouraging, with the overall system hardware, software, and logic 
functioning. Although functioning, a number of limitations were observed with all three 
components of the system, which included:  
 
1. Electronic markers could only be woken from within 4 m of the transmitting antenna. A 
longer range was felt to be required to achieve system function in an underground 
production environment. 
2. The read range of the marker transmitting signal was less than 2 m, showing that it 
functioned but required significant system design modification to achieve the desired 
range. 
3. Contention resolution between markers worked effectively. However, it was noted that the 
distance between markers had to be less than 1 m for contention to be resolved. 
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4. Receiving and decoding a serial number from the marker signal was functioning correctly, 
but further work was required for software signal correction and error checking. 
 
Based upon the results of this first trail a number of modifications to the receiver antenna 
design, marker electronic design, and software were made. These modifications were 
undertaken as part of Phase 2 development, to improve the performance of the EMS. It should 
be noted that the remaining field validation trials were conducted with the Phase 2 prototype 
system. 
 
June 2005 Field Trial 
Two separate field trials were undertaken at the JKMRC, Brisbane with a single electronic 
marker located within lumps of hematite (sourced from the Marandoo iron ore mine in 
Western Australia) and bags of high grade magnetite powder, respectively. Although not ideal, 
this method of testing was considered appropriate for an initial assessment of the impact of 
different iron ores on system performance. For both trials, the receiving and transmitting 
antennae were located on the ground. The iron ore material was placed upon a wooden pallet 
and lifted approximately 4 m above the ground (Figure 8.7). A single marker was placed at 
various locations and angles within the iron ore material (Figure 8.8).  
 
 
Figure 8.7 - Positioning of iron ore material with respect to ground (hematite trial) 
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Figure 8.8 - Marker position within the iron ore material (hematite trial) 
 
The results of the trials indicated that the performance of the EMS was not significantly 
impacted by either hematite or magnetite. The marker received the wake-up signal and 
transmitted a strong signal back to the receiver antenna. The receiver system recorded a strong 
signal, but the system’s ability to decode a serial number from this signal could not be assessed 
due to the transceiver not being available. Instead, a CRO (cathode ray oscilloscope) attached 
to the receiver antenna was used to monitor signal strength at the transmission frequency. It 
was felt that the signal received was strong enough for a serial number to be decoded from it. 
A number of limitations were associated with this trial including: 
 
1. Limited amount of iron ore material used (compared to a full scale LHD bucket). 
2. No metal bucket used to contain the iron ore and marker. 
3. Decoding of the serial number from the received signal could not be assessed.  
 
To overcome these limitations, a LHD bucket trial was conducted at the LKAB SLC iron ore 
operation in September 2005. This trial is discussed further in Section 8.7.2. 
 
July 2005 Field Trial 
A surface trial was undertaken at the Perseverance SLC operation to determine the distance at 
which the Phase 2 EMS could wake and receive a signal. As with previous surface trials, the 
receiving and transmitting antennae were placed on the ground. Two electronic markers were 
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used to test read range and contention resolution. A photograph of the trial configuration is 
shown in Figure 8.9. 
 
 
Figure 8.9 – Surface trial at Perseverance SLC operation 
 
The results indicated that the system could wake and receive signals from the electronic 
marker approximately 10 m and 25 m respectively. Contention between the markers was also 
resolved for separation distances up to 2.5 m. This was a significant improvement in system 
performance from the Phase 1 prototype, and was felt to be adequate to operate in an 
underground operational environment.  
 
September 2005 Field Trial 
To make a preliminary assessment of system performance under blast loading, a field trial was 
conducted at the Mt Coot-tha Quarry in Brisbane, Australia. Three markers were placed in the 
stemming zone of a blast hole (9 mm crushed aggregate), 0.5 m above the explosive column. 
Each marker was placed in the back row of holes in the blast pattern, and separated 
approximately 20 m horizontally from one another (not to allow signal interference between 
markers). A summary of the blast design is contained in Table 8.3, and a photograph shown in 
Figure 8.10. The rock type blasted was phyllite (a metamorphosed sedimentary rock) with an 
approximate UCS of 130 MPa, and an average fracture frequency of 1.4 discontinuities per 
metre.   
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Table 8.3 - Summary of Mt Coot-tha Quarry Blast Design 
Hole Diameter (mm) 89 
Bench Height (m) 7.5 
Spacing (m) 3.2 
Burden (m) 2.9 
Sub-drill (m) 0.8 
Stemming Height (m) 2.4 
Number of Blast Rows 3 
Stemming Type 9 mm Crushed Aggregate 
Explosive Type Emulsion (ρ = 1.15) 
Powder Factor (kg/m3) 0.61 
 
 
Figure 8.10 - Mt Coot-tha Quarry blast in which trial was undertaken 
 
Due to safety issues at the site, only two of the three marker sites could be accessed after the 
blast. Additionally, the blast power trough could not be accessed due to loose material on the 
bench above. The transceiver was setup on top of the muckpile (Figure 8.11) in the general 
vicinity of the original location of each marker. Operation of the system did not detect either 
marker at the two available sites. Due to the unknown location of the markers within the 
muckpile and no access to the power trough (markers may have been buried deep within the 
muckpile), a more sensitive receiver developed for the blast movement marker (BMM) was 
used to detect the markers. The results from this receiver indicated that the two markers may 
have survived the blast and were sending a coded signal. It should be noted that the BMM 
receiver is unable to decode the serial code transmitted from the markers. The final result from 
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the trial was inconclusive, with a full scale SLC blast trial seen as the best way to assess 
marker survivability. This trial is discussed further in Section 8.7.2.  
 
 
Figure 8.11 - Locating electronic markers in blasted quarry muckpile 
 
8.7.2 Underground Trials 
Five underground field trials were conducted between July 2005 to March 2006 at the 
Perseverance and Kiruna SLC operations. The trials aimed at assessing the performance of the 
EMS under production conditions, in particular the impact of LHD bucket and electromagnetic 
interference on transmission range, and the survivability of electronic markers under blasting 
conditions. 
 
July 2005 Field Trial 
The field trial was undertaken at the Perseverance SLC operation on the 9760 level at cross cut 
115. For the trial a Caterpillar R1700 LHD with a 5.7 m3 bucket was used. One transmitting 
and two receiving antennae were located on the roof of the drive (Figure 8.12). The spacing 
between the two receiving antennae was approximately 5 m. The antennae were mounted 
approximately 100 mm off existing ground support (galvanized mesh) using cable ties. 
Installation time for the system was approximately half an hour. It should be noted that the 
final system would consist of eight receiving antennae spaced at 5 m intervals along a 35 m 
length of production drive. This configuration would provide signal coverage as the LHD 
moves along the drive.  
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Figure 8.12 - Transmitting (circular antenna) and receiving (hexagonal antenna) antennae 
mounted on the roof of the drive 
 
Due to the availability of the LHD being limited, a single marker was tested on top (Figure 
8.13) and two thirds buried within the mucked material. Due to the limited time, multiple 
markers in the LHD marker were not tested. The orientation of the marker with respect to the 
transmitting and receiving antennae was considered to be the worst case scenario for signal 
reception (i.e. marker placed horizontally). The LHD was kept running during the trial, but 
remained stationary under the transmitting antenna. The LHD was required to remain 
stationary due to only two receiving antennae being installed for the trial (only two prototype 
receiving antennae had been constructed to this date).   
 
The results of the trial indicated that the performance of the EMS was not significantly 
impacted by the proximity of the LHD (electromagnetic interference), metal bucket, or depth 
of marker burial in ore material. The marker received the wake-up signal and transmitted a 
signal back to the receiver antennae in which the correct serial number was decoded. 
Contention logic between multiple markers in the same bucket of material was not tested in 
this trial (due to limited availability of the LHD). Open air trials indicate that the contention 
logic functions, and with current results, it is felt that this conclusion can be extended for 
markers located in an LHD bucket. 
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Figure 8.13 - Marker located on top of material in LHD bucket 
 
September 2005 Field Trial 
A trial undertaken at the LKAB SLC operation (similar to the Perseverance trial described in 
the previous section) identified that the current system could not detect markers located in 
large quantities of magnetite ore in an LHD bucker. Further testing indicated that a weak signal 
(above background electromagnet noise) was being transmitted through the ore, but not 
received and decoded by the system. It was concluded that DSP (digital signal processing) 
technology needed to be developed for the transceiver if this signal was to be decoded. A 
transfer from the current receiver system to DSP technology would require significant time and 
cost to develop, but would improve overall reliability of the system. 
 
December 2005 Field Trail 
Installation of 22 electronic markers was undertaken at the Perseverance SLC operation on the 
9640 level, crosscut 18, ring 31. The markers were placed in six drill holes in two ring planes 
within the blast burden. They were installed in the same manner as conventional markers (refer 
Chapter 4) and were not grouted in place. The marker ring planes were located 0.75 m (Ring 
A) and 1.5 m (Ring B) in front of the blast hole plane. The marker location and identification 
number within the blast burden can be referred to in Figure 8.14. Markers were located in the 
central portion of the blast burden, to maximize the number of markers recovered during 
primary excavation. 
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Figure 8.14 – Electronic marker locations for Perseverance blast trial 
 
Blasting of the trial SLC ring did not occur until March 2006. The markers were in ‘sleep’ 
mode for a four month period before blasting and excavation took place. The following section 
summarises the trial results for this test. 
 
March 2006 Field Trial 
This field trial was undertaken at the Perseverance SLC operation and concentrated on the 
detection and recovery of the electronic markers installed in December 2005. The system 
antennae and transceiver were setup at the intersection between crosscut 18 and the perimeter 
drive. At this intersection the LHD slows down as it negotiates the corner of the two drives. 
The system setup was similar to that for the July 2005 LHD bucket trial, with only two 
receiver antennae being installed. It was therefore important that the LHD slow down during 
marker detection. The transceiver was located in an ore pass drive located opposite the 
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intersection of the crosscut and perimeter drives. A photograph of the transceiver setup is 
shown in Figure 8.15. 
 
 
Figure 8.15 – Transceiver setup for SLC blast field trial 
 
Due to draw control requirements, a maximum of 300 tonnes of material was excavated from 
the blasted ring per shift. The ring was monitored for four shifts, representing 50 percent 
design draw for the ring. From previous conventional marker trials at site, this was felt to be 
adequate for the recovery of most markers from the ring. The LHD remained in the vicinity of 
the receiving antennae for 10 seconds, which was considered sufficient for marker contention 
resolution and detection.  
 
As the trial progressed no markers were detected, and it became evident that a number of 
system issues existed. The first issue related to the transmission antenna used to wake the 
markers. It was found after the first shift of monitoring that the signal transmission strength 
from the wake-up antenna was relatively weak, and not sufficient to activate electronic 
markers in an LHD bucket. Further investigation came to the conclusion that the galvanised 
mesh in which the transmitting antenna was attached to was having a significant impact on 
transmission power. After the first shift, the transmitting antenna was lowered further from the 
mesh (approximately 200 mm). This was found to provide an increase in transmission power, 
but was still not considered sufficient to wake any markers in the LHD bucket. 
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The second issue became apparent after further investigation of the transceiver system after 
two shifts of monitoring. Some electronic components in the transmitter module of the 
transceiver were found to have failed. This would have had a significant impact on 
transmission power, making it unlikely that electronic markers in an LHD bucket being 
activated.  
 
Based upon this result, it became important to recover the electronic markers within the 
material handling process. The handling process involved excavation from the ring, transport 
through two ore passes, and ultimately recovery on magnet belts located after primary 
crushing. Due to heavy ground support requirements for the SLC production levels, the 
recovery of individual markers was difficult. After primary excavation of the blasted material, 
only three markers were recovered from the magnets. Figure 8.16 show photographs of the 
recovered markers. It is apparent from the photographs that the recovered markers are in good 
condition considering their transport through the material handling process.    
 
a) Electronic Marker 4 b) Electronic Marker 36 c) Electronic Marker 40
 
Figure 8.16 – Electronic markers recovered after SLC blast trial 
 
Referring to Figure 8.14, the location of the recovered markers were in Ring A in the lower 
portion of the ring. Testing of these markers indicated that they were fully functional, with no 
evident damage to their internal structure. Although a large number of markers were not 
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recovered, it can be tentatively concluded that they can survive an SLC blasting event. It is 
hoped that further markers are recovered during secondary excavation of the trial ring. This 
would provide additional information concerning the survivability of the marker under both 
blast and material flow conditions. 
 
A further field trial was undertaken in a development blast to assess the survivability of two 
electronic markers under extreme blast conditions. Both markers were placed in a relief hole 
within the development blast, which was not grouted. One marker was recovered after the 
blast, still located in the relief hole in the development face. A photograph of the recovered 
marker is shown in Figure 8.17. The marker showed no signs of damage, and was found to be 
completely operational after the blast. 
 
 
Figure 8.17 – Electronic marker recovered from development blast 
 
8.8 Conclusions 
An electronic marker system (EMS) was developed to supplement existing methods of 
monitoring SLC material flow behaviour. The system combines real time draw results 
associated with current visual assessment techniques at the drawpoint, with high recovery 
results obtained from magnetic separation of markers within the material handling process. 
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Such results would provide a reliable insight to the development of the extraction zone over 
time. 
 
To achieve the desired specifications required for an EMS, radio frequency identification 
(RFID) technology was adopted. As with RFID systems, the EMS can be divided into three 
major components – an electronic marker (transponder), antennae, and transceiver. The 
antennae can be further divided into a transmitting antenna (to wake-up the electronic marker) 
and a series of receiver antennae (to receive the electronic marker transmitted signal). The 
system is designed to ‘wake’ and receive unique serial numbers from multiple electronic 
markers in an LHD bucket moving in a production drive. 
 
Development of a prototype EMS occurred over an 11 month period from January to 
November 2005. During this time the system was modified several times to improve 
performance and reliability, and unit cost. As part of the development, a number of validation 
trials were undertaken. These trials were conducted both on surface and in underground mining 
operations. Surface trials were undertaken to assess and test system performance, determine 
read range, assess signal penetration through magnetite ore material, and electronic marker 
survivability under quarry blast conditions. Underground trials were conducted to test the 
operation of the system under production conditions, in particular the impact of blast loading 
on the electronic marker and signal penetration through different ore materials in an LHD 
bucket. The major aims of the trials were to confirm that the hardware, software, and logic of 
the prototype system functioned, and to obtain a ‘proof of concept’ for the EMS so that future 
development and manufacturing of the system could be undertaken.   
 
The results of the validation trials were encouraging, showing that the system hardware, 
software, and logic function to specification. It is felt that a ‘proof of concept’ for the system 
has been obtained, allowing for future development and manufacturing to be undertaken. The 
system under production conditions was demonstrated to detect a marker in an LHD bucket, 
and to survive an SLC blasting event. It should however be noted that further development is 
required for the EMS to be used on a routine basis. To achieve this, further development will 
be undertaken by a commercial company.    
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CHAPTER 9 
 
CONCLUSIONS AND FUTURE RESEARCH DIRECTION 
 
 
A study of SLC material flow behaviour and extraction zone recovery was undertaken using 
full scale marker trial results from the Ridgeway SLC gold mine. These trials are considered to 
be the most comprehensive to date, with 69 individual ring trials completed from July 2002 to 
April 2005. For this reason, the Ridgeway marker dataset was used in this thesis to assess and 
quantify general statistics related to extraction zone recovery, general description of flow 
behaviour in relation to the extraction zone, and potential factors influencing extraction zone 
recovery. To identify factors influencing extraction zone recovery a Self-Organising Map 
(SOM) technique was adopted. The SOM provided a rigorous methodology to identify possible 
correlations between parameters related to drawpoint location, drill and blast design, 
geology, drawpoint geometry, and draw control with extraction zone recovery. The results 
from this analysis indicated that drill and blast parameters had a significant impact on 
extraction zone recovery. Traditional statistical methods supported this finding and provided 
details concerning the nature of such correlations.  
 
 
9.1 Conclusions 
An understanding of SLC material flow behaviour has been developed from theoretical 
calculations, small and full scale tests, and operational observation for over 40 years. Early 
investigations studied flow behaviour on a fundamental level through mathematical modelling 
techniques and small scale experimental studies. These concepts were validated and further 
developed with the aid of full scale marker trials in a number of SLC operations. The 
development of flow theory has been critical for the success of the SLC mining method. 
 
Early flow behaviour models described the extraction zone as an ellipsoid, with a variety of 
mine geometry and material properties related to ellipsoid parameters. Further small and full 
scale experimental studies identified limitations associated with ellipsoid theory in relation to 
describing granular flow in a heterogeneous blasted material in an SLC mining environment. 
In response to these findings a number of mathematical methods have been developed to 
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improve model performance including Bergmark-Roos theory, void diffusion, cellular 
automata, elastic-plastic, and discrete element modelling. 
 
Small scale experiments investigating material flow behaviour have evolved from simple bin 
models to relatively complex models incorporating SLC geometry and ‘realistic’ material 
parameters. The underlying objectives of this work to date have been the identification of 
parameters and the extent with which these parameters influence material flow, and the ability 
of these results to be inferred to full scale production layouts. A number of limitations 
associated with small scale models have been discussed in the literature relating to issues of 
similitude, model design, and ore and waste material properties. Although these limitations 
exist it can be concluded that small scale experimental results have provided quantitative and 
qualitative results that have been usable for the design and operation of SLC mines.  
 
Results from full scale experiments investigating flow behaviour have been critical for the 
further development, assessment, and validation of numeric and small scale models. These 
experiments have generally used markers installed in the blast burden, and recovered visually 
at the drawpoint or within the material handling process. Results from these experiments have 
provided details concerning the development and final shape of the extraction zone, but no 
details relating to the movement zone. It can be concluded that a limited number of full scale 
experiments in SLC operations have been completed to date. Of these, only two experiments 
conducted at the Grangesberg and Ridgeway SLC operations have been sufficient to draw 
significant conclusions from.  
 
Theoretical, and small and full scale experimental studies have aimed at the identification of 
parameters, and the extent with which these parameters influence material flow behaviour. 
Material flow behaviour in an SLC mining operation is complex due to the interaction of a 
wide range of parameters associated with geometric, material properties, draw control, and 
drill and blast factors. However, quantification of the influence of these parameters on flow 
performance is lacking in the literature. For this reason the Ridgeway marker trial dataset was 
used in this thesis to investigate the impact of various parameters on flow behaviour and 
extraction zone recovery.  
 
9.1.1 Ridgeway Full Scale Marker Trials 
The implementation of full scale SLC marker trials has been noted by a number of authors to 
be crucial for the ongoing success of the mining method. Such trials provide detailed 
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information concerning the development and shape of the extraction zone, identify possible 
sources of waste ingress into the ring, and ascertain the degree of flow behaviour variability. 
The marker trials undertaken at the Ridgeway SLC gold mine provide a unique opportunity to 
assess these factors. These trials are considered to be the most comprehensive to date, with 69 
individual ring trials completed from July 2002 to April 2005. The Ridgeway marker dataset 
was used in this thesis to assess and quantify factors influencing material flow behaviour and 
extraction zone recovery.  
 
Marker ring location and density of markers placed within the ring are important in defining 
the geometry of the extraction zone. The first trial undertaken at the Ridgeway operation used 
241 markers in one ring plane consisting of 13 holes (located 1.3 m from the blast ring plane) 
and an in hole marker spacing of 1 m. The results of this trial indicated that the experimental 
procedure was sound. It did however highlight that the distribution of markers in the burden 
was not adequate to quantify the extraction zone, in particular the depth of draw. Based upon 
this finding, further trials were designed with three marker ring planes located at 0.65 m (Ring 
3), 1.3 m (Ring 2), and 1.95 m (Ring 1) from the blast ring plane. Three ring marker trials 
usually consisted of 17 marker holes, with approximately 320 markers installed per trial. 
Further refinement of marker ring locations were made after the eighth trial, with Ring 3 
(located 0.65 m from the blast hole ring) being removed from the experiment. This resulted in 
a total of 11 marker holes being drilled, with approximately 190 markers installed per trial. A 
total of 15 and 53 individual rings were monitored with two and three ring marker planes 
respectively. 
 
Delineation of extraction zones within a trial ring were made with information obtained from 
the recovered markers. These zones were broken into five levels or categories defining 
primary, secondary, tertiary, quaternary, and backbreak respectively (the level of recovery for 
any given trial dependent upon the initial location of markers). A number of criteria were 
defined to delineate extraction zone polygons for the recovered markers. These criteria were 
considered important as they provided a systematic and consistent approach in defining 
extraction zone polygons. A number of assumptions and limitations were associated with this 
method of delineation, but it is felt that they provide a logical method in describing a complex 
geometry. Extraction zone polygons were used to calculate recovery based upon an area and 
volume calculation. A number of assumptions and biases are associated with the volumetric 
calculation. For this reason, recovery by area is considered to be the most robust method of 
analysing extraction zone recovery. 
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It can generally be concluded that the shape of the extraction zones are irregular in nature (not 
described by an ellipsoid shape), with primary recovery consisting of an area of ‘continuous 
flow’ near the blast ring plane (marker Ring 3) and ‘fingers’ of recovery further from the blast 
ring plane (marker Rings 1 and 2). The backbreak extraction zone is relatively common, with 
highest recoveries occurring in marker Ring 1 (ring plane closest to previously fired blast 
burden). Secondary, tertiary, and quaternary recoveries occur as relatively small discrete zones 
within the blasted material.  
 
Data from the marker trials were divided into three individual datasets – complete, modified, 
and filtered datasets. The complete dataset contained all data that was collected for the 69 
marker trials. The complete dataset was filtered by a two stage process to remove some of the 
sampling bias from the results. This filtering resulted in the modified and filtered datasets. The 
filtered dataset was used for detailed analysis in this thesis. The analysis and subsequent results 
from the marker trials undertaken at Ridgeway can be divided into two broad categories related 
to general statistical information and factors influencing extraction zone recovery. The main 
observations and conclusions from the general statistical analysis were: 
 
• Mean primary recovery by area is highest for marker Ring 3 (marker ring plane closest to 
blast ring) and subsequently decreases for Ring 2 and Ring 1 (marker ring plane furthest 
from the blast ring). 
• Mean secondary, tertiary, quaternary, and backbreak recoveries by area are highest for 
marker Ring 1 and subsequently decrease for Ring 2 and Ring 3. 
• Mean backbreak by area is significantly higher for marker Ring 1 when compared to Rings 
2 and 3. 
• Mean extraction zone recovery by volume is highest for primary recovery and in turn 
decreases through secondary, tertiary, and quaternary recoveries. 
• Mean total recovery by area is highest for marker Ring 3 for all levels of recovery (mean 
total quaternary recovery 77.0 % and 76.0 % for inclusion and exclusion of backbreak 
respectively). 
• Mean total recovery by area (including backbreak) is similar for marker Rings 1 and 2 for 
primary, secondary, and tertiary recoveries. Marker Ring 2 has a significantly higher total 
quaternary recovery when compared to Ring 1. 
• Mean total recovery by volume in both cases (including and excluding backbreak) is higher 
for trials with three marker ring planes when compared to two marker ring planes. This is 
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largely due to the two marker ring plane trials missing marker Ring 3, which accounts for 
the highest extraction zone recovery for the three ring planes. 
• Mean total recovery including backbreak by volume for three marker ring trials was 46.7 
percent for primary recovery increasing to 68.9 percent for quaternary recovery. For total 
recovery excluding backbreak these figures range from 37.4 percent to 60.4 percent for 
primary and quaternary recoveries respectively. 
• Standard deviations, lower and upper quartiles, and minimum and maximum values for 
extraction zone recoveries generally indicate a relatively large degree of variability with 
recovery results. 
 
Based upon the statistical analysis results, mean primary recovery by area is 18.6 percent, 35.0 
percent, and 57.0 percent for marker Rings 1, 2, and 3 respectively (filtered dataset). The 
corresponding mean backbreak recovery is 21.6 percent, 3.9 percent, and 0.7 percent for 
marker Rings 1, 2, and 3 respectively. Mean primary recovery by volume (three marker ring 
planes, filtered dataset) is 46.7 percent and 37.4 percent for inclusion and exclusion of 
backbreak respectively. Mean total quaternary recovery by area (including backbreak, filtered 
dataset) is 59.3 percent, 66.7 percent, and 77.0 percent for marker Rings 1, 2, and 3 
respectively. Mean total quaternary recovery by volume (three marker ring planes, filtered 
dataset, including backbreak) is 68.9 percent.  
 
The recovery numbers presented are based upon the method employed to delineate the 
extraction zone polygons. The method adopted provides a systematic process for extraction 
zone delineation, but ultimately does not correspond to the actual extraction zone in the field. 
It does however provide reliable results to further analyse the factors influencing extraction 
zone recovery.  
 
9.1.2 Factors Influencing Full Scale Extraction Zone Recovery 
Flow behaviour has been studied and quantified through a number of theoretical, small and full 
scale experimental programs. These programs have attempted to identify parameters which 
have a significant influence on flow behaviour, and therefore ore recovery and dilution results. 
Parameters directly influencing flow performance have been found to include the geometry of 
the extraction layout and drives, sublevel height, blast ring design, material characteristics of 
the blasted and waste material, and draw control methodology. To date, no detailed analysis of 
factors influencing full scale material flow behaviour in modern SLC mines has been 
documented in the literature. An analysis was undertaken to identify factors that influence 
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extraction zone recovery for the Ridgeway marker trial dataset. Factors analysed included 
parameters related to drawpoint location, drill and blast design, geology, drawpoint geometry, 
and draw control. To identify factors influencing extraction zone recovery, a Self-Organising 
Map (SOM) technique was adopted. SOM is considered an ideal tool for analysing complex 
geological and mining datasets, and for extracting relationships and patterns that typically are 
not evident by other means. 
 
The SOM analysis was divided into three components – cluster analysis, correlation 
identification, and spatial analysis. All three analysis components were used to identify 
parameters influencing extraction zone recovery. The main observations and conclusions from 
the SOM analysis were: 
 
• Cluster analysis indicates that blasting parameters have a significant impact on cluster 
delineation when compared to drawpoint and geological parameters. Of these blasting 
related parameters, the number of blast holes, toe spacing, charge length, powder factor, 
and PPV breakage criteria parameters have the most significant impact on cluster 
delineation. 
• Visual assessment of component and component correlation plots show that a large number 
of blast parameters are related to extraction zone recoveries. These blast parameters 
include number of blast holes, total charge length, powder factor, and PPV breakage 
criteria, detonation issues, and explosive sleep time. Drawpoint and geological parameters 
correlating to recovery include drawpoint width at gradeline and number of thrust faults. 
• Correlation coefficient values indicate that blasting factors are the most dominant 
parameters correlating to extraction zone recovery. Blasting parameters (charge length, 
powder factor, PPV breakage criteria, explosive sleep time, detonation issues, and nominal 
delay time) were found to be strongly related to primary recovery in marker Ring 3, and to 
a lesser extent tertiary recoveries in marker Rings 1 and 3.   
• Non-blasting parameters found to have a significant number of correlations to extraction 
zone recovery parameters include drawpoint width at gradeline, number of thrust faults, 
and degree of veining. 
• As for extraction zone recovery, blasting factors were found to be the most dominant 
parameters correlating to total extraction zone recovery (including and excluding 
backbreak). Charge length, powder factor, PPV breakage criteria, explosive sleep time, and 
blast detonation issues related to recovery parameters for all levels of recovery. 
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Additionally, the number of blast holes, toe spacing, spacing to burden ratio, and primary 
detonator location related to total secondary to quaternary recoveries.  
• Non-blasting parameters found to have a significant number of correlations to total 
extraction zone recovery (including and excluding backbreak) parameters include 
drawpoint width at gradeline and number of thrust faults. 
• Spatial analysis indicates that SOM cluster characteristics are partly related to sublevel 
depth (R.L.). The location of marker trials for each cluster appears to correspond to 
progressive changes in drill and blast design parameters with increased sublevel depth.  
 
The SOM analysis indicates that a number of blasting parameters are directly or inversely 
correlated to extraction zone recovery for the Ridgeway marker trials. Blasting parameters 
appear to dominate correlations with recovery when compared to drawpoint and geological 
parameters. Although the SOM methodology provides a rigorous means to identify possible 
correlations between parameters, further data analysis is required to understand the nature and 
characteristics of these relationships.  
 
9.1.3 Impact of Drill and Blast Design on Full Scale Extraction Zone Recovery 
Blasting in SLC operations (drill and blast design and design implementation) has been 
identified by a number of authors since the late 1960’s to have a substantial impact upon 
material flow and therefore performance. Predominantly, the literature has made general 
conclusions concerning the interaction of drill and blast parameters and flow behaviour, with 
respect to the knowledge that blasting has a direct impact on ore and caved flow material 
properties. A limited number of studies have related drill and blast parameters to indirect 
measures of material flow behaviour, in particular ore recovery and dilution. To date, no 
detailed analysis of the impact of drill and blast parameters on material flow behaviour and 
recovery in full scale modern SLC operations has been documented in the literature.  
 
The full scale marker trials undertaken at the Ridgeway gold mine provide a unique 
opportunity to quantify the blasting-recovery correlation characteristics identified by the SOM 
analysis. Significant modifications to drill and blast design were undertaken during the trial 
period, with design powder factors ranging from 0.94 kg/m3 to 1.46 kg/m3. This wide range in 
powder factor was achieved by a number of design changes to the number of blast holes (this 
parameter having the most significant impact on powder factor), explosive density, explosive 
collar length, burden, and blast volume. Other drill and blast design parameters modified, but 
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having no direct impact on powder factor, were initiation timing, explosive sleep time, and 
location of the primary detonator. 
 
To quantify the nature and characteristics of the SOM identified correlations traditional 
statistical methods were employed. The analysis identified statistical differences in recovery 
for various groups within categorical parameters, and determined the likelihood and strength of 
potential linear relationships between continuous blast parameters and recovery. The main 
observations and conclusions from this analysis were: 
 
• For the comparison of eight hole with seven hole blast patterns, statistically significant 
differences were identified for total secondary to quaternary extraction zone recoveries in 
marker Ring 3 and to a lesser extent marker Ring 2. 
• Statistically significant differences in primary detonator location were only found for a 
limited number of recovery parameters related to marker Ring 3. 
• A significant percentage (82 percent) of identified SOM correlations between continuous 
blasting parameters and recovery could be described by a linear relationship. 
• Continuous blasting parameters were found to have linear correlations with primary 
recovery – ring 3 and tertiary recovery – rings 1 and 3. Linear correlation strength ranged 
from weak to moderate. 
• No correlations were noted to occur between blast parameters and extraction zone 
secondary, quaternary, or backbreak recoveries. A possible explanation for this is that 
secondary and quaternary drawpoints are offset to that of the primary, resulting in no clear 
correlation with blasting parameters for these levels. 
• Explosive distribution parameters dominate correlations with total extraction zone recovery 
(including and excluding backbreak).  
• The highest number of linear correlations for total secondary and tertiary extraction zone 
recovery (including and excluding backbreak) were identified for marker Ring 3. This 
number diminished for marker Ring 2, and became negligible for marker Ring 1. 
Additionally, the strongest linear correlations were found to relate to marker Ring 3 
(generally moderate to strong), with this diminishing for marker Ring 2 (generally 
moderate). 
• For total quaternary recovery, linear correlations were only identified for recovery 
including backbreak. These recoveries were associated with blast hole geometry and 
explosive distribution parameters relating to marker Rings 1 and 3. All identified 
correlations were moderate in strength. 
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Based upon this analysis a number of possible theories were proposed with regard to the 
impact of blast parameters on extraction zone recovery. Although the correlations analysed do 
not necessarily prove causality, the correlations can be ‘interpreted’ in causal terms to propose 
a number of blast related theories with respect to recovery. To develop these theories, both 
correlations between blasting parameters and extraction zone recovery as well as blast related 
inter-parameter correlations were considered. The most likely theory based upon this analysis 
is that a fundamental change in drill and blast design with the removal of blast holes resulted in 
lower extraction zone recoveries (in particular primary recovery for marker Ring 3). The 
reduction in the number of blast holes in turn impacted on total secondary to quaternary 
extraction zone recovery either directly (due to factors such as poor fragmentation and limited 
swell) or indirectly through reduced primary recovery (leading to subsequent lower total 
secondary to quaternary recoveries). Recovery in the marker ring planes is directly related to 
proximity of the blast ring plane. A reduction in the number of blast holes results in a 
significant reduction in recovery for marker Ring 3, with this impact diminishing for marker 
Ring 2, and not being evident for marker Ring 1.  
 
9.1.4 Impact of Blast Performance on Full Scale Extraction Zone Recovery 
Blast performance in this thesis is related to explosive initiation and subsequent explosive - 
rock mass interaction. Of particular importance was the identification of partially or non-
detonated blast holes within the blast ring. Such occurrences can have a significant impact on 
material fragmentation and looseness, and therefore flow behaviour and ore recovery. For the 
Ridgeway marker trials, blast vibration records were used to characterise this performance. 
Although this monitoring method is relatively straight forward to implement in the field, the 
results can be difficult to interpret with several possible explanations argued. Detonation issues 
most commonly identified by vibration records for the marker trials related to the non-
detonation, partial detonation, overbreak, and over confinement of explosive charges.  
 
From the vibration monitoring results a number of detonation issues were found to occur, 
especially for holes initiated on the second and last delay intervals. Of the vibration records 
analysed, 89 percent of marker trials were found to contain some type of detonation issue. 
Holes initiated on the second delay interval were impacted by possible non-detonation, partial 
detonation, or overbreak issues for 50 percent of the vibration records. Additionally, 57 percent 
of trials were effected by over confinement issues associated with the blast shoulder holes. The 
impact of these issues could potentially have a large impact on blast fragmentation and blasted 
material bulk density, in turn resulting in poor extraction zone recovery.  
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To improve the understanding of the impact of blast performance on extraction zone recovery, 
numerical modelling of typical Ridgeway SLC blast designs using the HSBM code was 
utilised. The major objectives of the HSBM study were to identify blast dynamics which could 
influence blast performance, and identify areas of fine and coarse fragmentation within the 
blast burden which could impact on material flow behaviour. The modelling was divided into 
four individual blast components investigating complete and partial detonation of the blast ring 
for seven hole and eight hole patterns. Partial detonation numerical models were related to the 
non-detonation of blast holes initiated on the second delay interval.  
 
The observed HSBM blast dynamics reflected to a certain degree the results obtained from 
vibration monitoring. The modelling results indicated that significant rock mass damage 
occurred in the vicinity of the blast hole/s detonated on the first delay. This resulted in 
significant damage to holes detonated on the second delay and rock mass dislocation and 
damage in front of these holes. It could be concluded that damage to these holes could lead to 
hole cut-offs and subsequent non-detonation or partial detonation of explosive columns, and 
overbreak issues. For the detonation of holes on the third delay, a number of potential issues 
associated with hole dislocation and overbreak were identified. These issues were not to the 
extent identified for holes detonated on the second delay, and are not highlighted in the 
vibration records. 
 
To assess the potential impact of blast performance on extraction zone recovery a comparison 
between ‘fine’ and ‘coarse’ fragmentation zones within each marker ring plane for the four 
models was conducted. The major assumption of this analysis is that finer fragmented material 
is more likely to report to the drawpoint compared to coarser or unfragmented material. Both 
the shape of measured extraction zone recovery and modelled fine fragmentation areas were 
generally irregular in nature, consisting of a ‘continuous zone’ near the blast ring plane 
(marker Ring 3) and ‘finger zones’ further from the blast ring plane (marker Rings 1 and 2). 
Detonation issues associated with holes on the second delay interval appear to have a large 
impact on the creation of fine and coarse model fragmentation zones. For blast models having 
detonation issues there was a significant decrease in fine fragmentation area for marker Ring 3, 
with this effect diminishing for marker Ring 2 and 1 respectively. Assuming extraction zone 
recovery can be partially related to modelled fine fragmentation area, poor blast performance 
could have a detrimental impact on overall material recovery.  
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Statistical correlation results support the SOM analysis findings that detonation issues appear 
to influence identified extraction zone recovery parameters. Detonation issues in particular 
were identified to influence total secondary recovery in marker Ring 2 and tertiary recovery in 
marker Rings 2 and 3. Based upon the most likely theory relating blasting parameters to 
extraction zone recovery and the blast performance analysis, it can be concluded that 
detonation issues in part impact on extraction zone recovery.  
 
9.1.5 Development of an Electronic Marker System to Monitor SLC Flow 
An electronic marker system (EMS) was developed to supplement existing methods of 
monitoring SLC material flow behaviour and recovery. The system combines real time draw 
results associated with current visual assessment techniques at the drawpoint, with high 
recovery results obtained from magnetic separation of markers within the material handling 
process. Such results would provide a reliable insight to the development of the extraction 
zone over time. 
 
To achieve the desired specifications required for an EMS, radio frequency identification 
(RFID) technology was adopted. As with RFID systems, the EMS can be divided into three 
major components – an electronic marker (transponder), antennae, and transceiver. The 
antennae can be further divided into a transmitting antenna (to wake-up the electronic marker) 
and a series of receiver antennae (to receive the electronic marker transmitted signal). The 
system is designed to ‘wake’ and receive unique serial numbers from multiple electronic 
markers in an LHD bucket moving in a production drive. 
 
Development of a prototype EMS occurred over an 11 month period from January to 
November 2005. During this time the system was modified several times to improve 
performance and reliability, and unit cost. As part of the development, a number of validation 
trials were undertaken. These trials were conducted both on surface and in underground mining 
operations. Surface trials were undertaken to assess and test system performance, determine 
read range, assess signal penetration through magnetite ore material, and electronic marker 
survivability under quarry blast conditions. Underground trials were conducted to test the 
operation of the system under production conditions, in particular the impact of blast loading 
on the electronic marker and signal penetration through different ore materials in an LHD 
bucket. The major aims of the trials were to confirm that the hardware, software, and logic of 
the prototype system functioned, and to obtain a ‘proof of concept’ for the EMS so that future 
development and manufacturing of the system could be undertaken.   
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The results of the validation trials were encouraging, showing that the system hardware, 
software, and logic function to specification. It is felt that a ‘proof of concept’ for the system 
has been obtained, allowing for future development and manufacturing to be undertaken. The 
system under production conditions was demonstrated to detect a marker in an LHD bucket, 
and to survive an SLC blasting event. It should however be noted that further development is 
required for the EMS to be used on a routine basis. To achieve this, further development will 
be undertaken by a commercial company.    
 
9.2 Future Research Direction 
Significant research opportunities exist to improve the understanding of SLC material flow 
behaviour and extraction zone recovery. Although the analysis outlined in this thesis 
demonstrates the importance of drill and blast related parameters on general material flow 
behaviour and extraction zone recovery, it does not provide significant insight into the 
mechanisms driving this. Potential future research direction can be divided into two broad 
components related to further full scale field trials and numerical modelling. Further full scale 
trials would consist of: 
 
• Marker ‘experimental trials’ (Section 6.4), in which blasting parameters are manipulated 
with the effects of this manipulation measured on recovery. Only data from experimental 
trials could conclusively demonstrate causal relations between blasting and recovery 
variables. 
• Improved blast performance monitoring of full scale marker trials. A combination of near 
field vibration and VOD monitoring would provide detailed information concerning 
detonation performance of individual blast holes. 
• Installation of electronic markers to improve the understanding of the development of the 
extraction zone over time. 
• Quantification and the assessment of the impact of excavation methodology at the 
drawpoint need to be considered.  
• The impact of other drill and blast related parameters such as ring inclination, hole 
diameter, explosive type, burden, and multiple ring blasting on extraction zone recovery 
need to be investigated.   
• The impact of drill and blast design and implementation on blasted material characteristics 
such as blast fragmentation and bulk density, as well as compaction issues related to the 
caved material. 
• An extended analysis of full scale marker trial results from different SLC operations. 
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Due to physical difficulties associated with monitoring underground blast performance, an 
improvement in the understanding of SLC blast dynamics could be achieved with the aid of 
numerical modelling. Research into the numerical modelling of the blasting process is 
ongoing, with significant improvements seen with the development of the HSBM code. 
Although the blast modelling discussed in Chapter 7 is limited and based upon a number of 
assumptions, it does highlight the potential for this approach to be used in this area of research. 
Numerical modelling of SLC blasting could be used to investigate a number of issues 
including: 
 
• The impact of various SLC blast designs on blast performance and resultant material 
fragmentation and bulk density. 
• Interaction of the SLC blast dynamics with modelled cave material. 
• Investigation of the impact of in situ stress field and geology on blast performance and 
related blasted material characteristics. 
• The combining of blast and material flow numerical models to simulate the entire SLC 
ring extraction process. This would provide insight into a range of mechanisms associated 
with both blasting and material flow behaviour. In turn blast related parameters 
influencing material flow behaviour and recovery could be identified. 
 
Further work combining full scale experimental results with insights provided by numerical 
modelling could provide an improved understanding of both blast parameters influencing and 
mechanisms controlling flow behaviour and recovery. This understanding would potentially 
lead to improved blast design and implementation resulting in greater ore recovery and 
decreased dilution.  
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APPENDIX A 
 
RIDGEWAY SLC MARKER TRIAL DELINEATED EXTRACTION 
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SUMMARY OF MARKER TRIAL RESULTS 
 
 
 
 
 
Summary of marker trial results can be referred to electronically on the attached CD. 
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APPENDIX C 
 
SUMMARY OF EXTRACTION ZONE RECOVERY RESULTS 
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APPENDIX F 
 
BLAST PARAMETER – EXTRACTION ZONE CORRELATION 
STATISTICAL RESULTS 
 
 
F.1 Blast Hole Geometry 
The SOM analysis indicated a number of possible correlations between blast hole geometry 
and extraction zone recovery. A total of nine, nine, and five correlations were identified 
between recovery and the number of blast holes, toe spacing, and spacing to burden ratio 
respectively. This represents approximately 23 percent (number of blast holes and toe spacing) 
and 13 percent (spacing/burden ratio) of all recovery parameters analysed. A summary of these 
parameter correlations is outlined in Table F.1.  
 
Table F.1 – Blast Hole Geometry - Extraction Zone Recovery Correlations Identified by SOM  
 Extraction Zone Recovery Total Extraction Zone Recovery 
Including Backbreak Excluding Backbreak 
Number of Blast Holes Tertiary – Ring 1 Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 1 
Quaternary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 3 
Toe Spacing Tertiary – Ring 1 Secondary – Ring 3 
Tertiary – Ring 3 
Quaternary – Ring 1 
Quaternary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 3 
Quaternary – Ring 1 
Quaternary – Ring 3 
Spacing/Burden Ratio Tertiary – Ring 1 Secondary – Ring 3 
Tertiary – Ring 3 
Quaternary – Ring 1 
Quaternary – Ring 3 
– 
 
It can be noted that the majority of correlations (61 percent of cases) are associated with total 
extraction zone recovery (including backbreak). Additionally, these correlations are 
dominantly associated with marker Ring 3 (61 percent of cases). Only three correlations (13 
Appendix F – Blast Parameter – Extraction Zone Correlation Statistical Results 
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percent) were identified for extraction zone recovery (with all being associated with marker 
Ring 1).  
 
F.1.1 Number of Blast Holes 
Box and whisker plots of the identified correlations between number of blast holes and 
extraction zone recovery can be referred to in Figure F.1. The box and whisker plots show a 
general increase in the mean extraction zone recovery when comparing seven hole to eight 
hole blast patterns. There appears to be little change in mean recovery moving from an eight to 
ten hole pattern (although it should be noted that only three marker trials were undertaken for a 
ten hole pattern). It can also be noted that a number of outlier and extreme data points are 
evident for both the seven and eight hole blast patterns.  
 
Based upon the graphical results in the box and whisker plots in Figure F.1 and the limited 
number of marker trials associated with a ten hole blast pattern, analysis was limited to a 
comparison of recovery results between seven hole and eight hole patterns. Table F.2 and 
Table F.3 summarises the results for a basic statistical analysis and statistical comparison 
between seven hole and eight hole patterns respectively. The highlighted red cells
in Table F.2 indicate that the assumption of normality or equal variance is satisfied (p < 0.05). 
The results indicate that the assumptions of normality and equal variance are only satisfied for 
tertiary recovery – ring 1. These results provide the basis for the selection of an appropriate 
statistical test methodology to compare recovery results between the two different groups of 
blast holes. 
 
The results in Table F.3 summarise the statistical comparison for t test (were appropriate) and 
nonparametric test methodologies. Cells highlighted in red indicate a statistical significant 
difference (p < 0.05) between seven hole and eight hole pattern recovery results. Considering 
that the Mann-Whitney U test is identified as the most powerful nonparametric test, it can be 
concluded that there is a significant statistical difference between seven hole and eight hole 
blast patterns for all recoveries identified by SOM analysis, except for total quaternary 
recovery – ring 1 (including backbreak). 
 
The statistical results support the SOM analysis findings that the number of blast holes appears 
to influence identified extraction zone recovery parameters. The number of blast holes in 
particular seems to influence total secondary to quaternary recovery in marker Ring 3 and to a 
lesser extent marker Ring 2. Primary to quaternary extraction zone recovery does not appear to
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correlate to the number of blast holes (except tertiary recovery – ring 1). This would support 
the theory that the number of blast holes influence total secondary to quaternary recovery close 
to the blast ring, with this effect diminishing with distance from the blast ring.   
 
F.1.2 Toe Spacing 
Scatter plots of the identified correlations between toe spacing and extraction zone recovery 
can be referred to in Figure F.2. The plots show a general decrease in recovery values as the 
toe spacing increases. A relatively large degree of variation is evident for all plots, with a 
number of outliers identified by visual inspection (denoted by red circles in relevant plots). 
Due to data variability associated with each plot, it is difficult to conclude visually if the 
correlations identified by the SOM analysis are linear or non-linear in nature. However, it can 
be concluded that the correlations are inverse in nature and could possibly be described as 
linear.  
 
Linear correlation statistics for each identified relationship, including and excluding outliers 
can be referred to in Table F.4 and Table F.5 respectively. Table cells highlighted in red 
indicate that the statistical significance value is less than 0.05, indicating a high likelihood that 
a linear relationship exists between the two parameters. The correlation strength based upon 
the descriptions summarised in Table 6.4 are also provided for each relationship. For the 
analysis of data including outliers, the results indicate that linear correlations occur for six of 
the nine relationships identified by the SOM analysis. The correlation strength for these 
relationships varies from weak to moderate. The coefficient of determination values are 
relatively low, indicating that a significant amount of variation in recovery values is not 
explained by the linear regression model.  
 
Outliers were identified for total secondary recovery – ring 3 (including backbreak), total 
tertiary recovery – ring 3 (including backbreak), and total secondary recovery – ring 3 
(excluding backbreak). These outlier data points were removed from the analysis with the 
statistical results summarised in Table F.5. The results indicate no significant improvement in 
the statistical significance or Pearson correlation values for total secondary recovery – ring 3 
(including backbreak). For total tertiary recovery – ring 3 (including backbreak) there is a 
significant improvement in the Pearson correlation value, resulting in the correlation strength 
changing from moderate to strong. The statistical significance value for total secondary 
recovery – ring 3 (excluding backbreak) decreases to below 0.05 resulting in a strong 
likelihood that a linear correlation exists 
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The results indicate that the relationship between blast hole toe spacing and extraction zone 
recovery can generally be described as a linear correlation with weak to moderate correlation 
strength. A significant proportion of variation in recovery values cannot be explained by the 
linear regression model, supporting the notion that the correlation strengths are not strong. 
Although toe spacing is partially related to the number of blast holes, it can be concluded that 
it does not provide a strong correlation to recovery. Toe spacing correlations were dominantly 
associated with total recovery values for marker Ring 3. As with the number of blast holes, this 
would support the theory that toe spacing influences total secondary to quaternary recovery 
close to the blast ring, with this effect diminishing with distance from the blast ring.   
 
F.1.3 Spacing/Burden Ratio 
Scatter plots of the identified correlations between spacing/burden ratio and extraction zone 
recovery can be referred to in Figure F.3. Linear correlation statistics for each identified 
relationship, including and excluding outliers can be referred to in Table F.6 and Table F.7 
respectively. The scatter plots show a general decrease in recovery values as the 
spacing/burden ratio increases. A relatively large degree of variation is evident for all plots, 
with a number of outliers identified by visual inspection (denoted by red circles in relevant 
plots). Overall the trends in the data set are inverse in nature and similar to those observed for 
toe spacing. This isn’t surprising as the burden for the majority of blasts was 2.6 m, therefore 
resulting in spacing/burden ratio and toe spacing generally being directly related.    
 
Linear correlation statistics summarised in Table F.6 and Table F.7 indicate a high likelihood 
that a linear relationship exists between all identified SOM correlations. The correlation 
strength is generally moderate, with a strong correlation identified for total tertiary recovery – 
ring 3 (including backbreak) when an outlier data point is removed. When two outlier data 
points are removed for total secondary recovery – ring 3 (including backbreak) the strength of 
the correlation increases from weak to moderate.  
 
As with toe spacing, the results indicate that the relationship between spacing/burden ratio and 
extraction zone recovery can generally be described as a linear correlation with moderate 
correlation strength. A significant proportion of variation in recovery values cannot be 
explained by the linear regression model, supporting the notion that the correlation strengths 
are not strong. Although spacing/burden ratio is directly related to toe spacing and partially 
related to the number of blast holes, it can be concluded that it does not provide a strong
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correlation to recovery. Correlations were dominantly associated with total recovery values for 
marker Ring 3.  
 
F.2 Explosive Distribution 
The SOM analysis indicated a number of possible correlations between blast explosive 
distribution and extraction zone recovery. The majority of these correlations were associated 
with total extraction zone recovery (for both including and excluding backbreak parameters). 
However, a number of correlations were also identified for extraction zone recovery, in 
particular primary recovery – ring 3. A total of 15 and 14 correlations were identified between 
recovery and actual charge length and powder factor respectively. This represents 
approximately 38 percent (actual charge length) and 36 percent (actual powder factor) of all 
recovery parameters analysed. For PPV breakage threshold parameters, a total of 16, 14, 11, 
and 11 correlations were identified between recovery and PPV Area % 0.00 m, PPV Area % 
0.65m, PPV Area % 1.30 m, and PPV Volume % respectively. This represents approximately 
41 percent (PPV Area % 0.00 m), 36 percent (PPV Area % 0.65 m), and 28 percent (PPV Area
% 1.30 m and PPV Volume %) of all recovery parameters analysed. A summary of these 
parameter correlations is outlined in Table F.8.  
 
It can be noted that the majority of correlations (85 percent of cases) are associated with total 
extraction zone recovery (including and excluding backbreak). Additionally, these correlations 
are dominantly associated with marker Ring 3 (67 percent of cases). Twelve correlations (15 
percent) were identified for extraction zone recovery (with the majority of these associated 
with marker Ring 3). 
 
Appendix F – Blast Parameter – Extraction Zone Correlation Statistical Results 
446 
Table F.8 – Explosive Distribution - Extraction Zone Recovery Correlations Identified by SOM 
 Extraction Zone Recovery Total Extraction Zone Recovery 
Including Backbreak Excluding Backbreak 
Actual Charge Length Tertiary – Ring 1 
Tertiary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 1 
Quaternary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 1 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 1 
Actual Powder Factor Primary – Ring 3 
Tertiary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
PPV Area % 0.00 m Primary – Ring 3 
Tertiary – Ring 1 
Tertiary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 1 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 1 
PPV Area % 0.65 m Primary – Ring 3 
Tertiary – Ring 1 
Tertiary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
Primary – Ring 3 
Secondary – Ring 2 
Secondary – Ring 3 
Tertiary – Ring 3 
Quaternary – Ring 3 
PPV Area % 1.30 m Primary – Ring 3 Primary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
Primary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
PPV Volume % Primary – Ring 3 Primary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
Primary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Quaternary – Ring 3 
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F.2.1 Actual Charge Length 
Scatter plots of the identified correlations between actual charge length and recovery can be 
referred to in Figure F.4. The plots show a general increase in extraction zone recovery as the 
charge length increases. A relatively large degree of variation is apparent for all plots, with a 
number of outliers identified by visual inspection (denoted by red circles in relevant plots). 
Data variability in scatter plots is particularly evident for recoveries associated with marker 
Rings 1 and 2. For the majority of plots it is difficult to conclude visually if the correlations 
identified by the SOM analysis are linear or non-linear in nature. Overall it can be concluded 
that the correlations are direct in nature and could possibly be described as linear, in particular 
for recoveries associated with marker Ring 3.  
 
Linear correlation statistics for each identified relationship, including and excluding outliers 
can be referred to in Table F.9 and Table F.10 respectively. Table cells highlighted in red 
indicate that the statistical significance value is less than 0.05, indicating a high likelihood that 
a linear relationship exists between the two parameters. For the analysis of data including 
outliers, the results indicate that linear correlations occur for 10 of the 15 relationships 
identified by the SOM analysis. The correlation strength for these relationships varies from 
very weak to moderate. The coefficient of determination values are relatively low, indicating 
that a significant amount of variation in recovery values is not explained by the linear 
regression model.  
 
Outliers were identified for total primary recovery – ring 3 (including backbreak), total 
secondary recovery – ring 3 (including backbreak), and total secondary recovery – ring 3 
(excluding backbreak). These outlier data points were removed from the analysis with the 
statistical results summarised in Table F.10. The results indicate improvements in both the 
statistical significance and Pearson correlation values for these parameters. The resulting 
correlation strength changed from very weak/weak to moderate, while the statistical 
significance values dropped below 0.05.  
 
Visual assessment of the scatter plots and correlation statistical results indicate that the 
relationship between actual charge length and extraction zone recovery can generally be 
described as linear with weak to moderate correlation strength. A significant proportion of 
variation in recovery values cannot be explained by the linear regression model, supporting the 
notion that the correlation strengths are not strong. Charge length correlations were dominantly 
associated with recovery values for marker Ring 3 (47 percent of identified correlations). Also
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the strength of correlations were generally higher for those associated with marker Ring 3. As 
with blast hole geometry parameters, this would support the theory that charge length 
influences total secondary to tertiary extraction zone recovery close to the blast ring, with this 
effect diminishing with distance from the blast ring.   
 
F.2.2 Powder Factor 
Scatter plots of the identified correlations between powder factor and extraction zone recovery 
can be referred to in Figure F.5. The plots show a general increase in recovery values as the 
powder factor increases. A relatively large degree of variation is evident for all plots, with a 
number of outliers identified by visual inspection (denoted by red circles in relevant plots). 
The degree of variability in scatter plots appears to be higher for those related to marker Ring 2 
when compared to marker Ring 3 (no marker Ring 1 correlations identified). Due to data 
variability associated with marker Ring 2, it is difficult to conclude visually if the correlations 
identified by the SOM analysis are linear or non-linear in nature for these trials. Correlations 
related to marker Ring 3 show relatively low variability with a general linear trend being 
apparent. It can be concluded that overall that the correlations are direct in nature and could 
possibly be described as linear (especially for marker Ring 3).  
 
Linear correlation statistics for each identified relationship, including and excluding outliers 
can be referred to in Table F.11 and Table F.12 respectively. Table cells highlighted in red 
indicate that the statistical significance value is less than 0.05, indicating a high likelihood that 
a linear relationship exists between the two parameters. For the analysis of data including 
outliers, the results indicate that linear correlations occur for 13 of the 14 relationships 
identified by the SOM analysis. The correlation strength for these relationships varies from 
moderate to strong. The coefficient of determination values are generally low, indicating that a 
significant amount of variation in recovery values is not explained by the linear regression 
model. The Pearson correlation and coefficient of determination values are significantly higher 
for powder factor compared to blast hole geometry parameters.  
 
Outliers were identified for primary recovery – ring 3, total primary recovery – ring 3 
(including backbreak), total secondary recovery – ring 3 (including backbreak), total primary 
recovery – ring 3 (excluding backbreak), and total secondary recovery – ring 3 (excluding 
backbreak). These outlier data points were removed from the analysis with the statistical 
results summarised in Table F.12. The results indicate improvements in both the statistical
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Appendix F – Blast Parameter – Extraction Zone Correlation Statistical Results 
457 
significance and Pearson correlation values for all recovery parameters with outliers removed. 
However no change in correlation strength description resulted from the removal of outliers.  
 
The results indicate that the relationship between powder factor and recovery can generally be 
described as a linear correlation with moderate to strong correlation strength. Powder factor 
correlations were associated with recovery parameters for marker Rings 2 and 3, with 
correlation strengths generally being stronger for relationships associated with marker Ring 3. 
These findings would support the theory that powder factor influences extraction zone 
recovery and total extraction zone recovery for marker Rings 2 and 3, with this effect 
diminishing with distance from the blast ring. Powder factor does not appear to influence 
recovery in marker Ring 1. 
 
F.2.3 PPV Breakage Criteria 
Scatter plots of the identified correlations between extraction zone recovery and PPV Area % 
0.00 m, PPV Area % 0.65m, PPV Area % 1.30 m, and PPV Volume % can be referred to in 
Figure F.6, Figure F.7, Figure F.8, and Figure F.9 (Appendix F) respectively. The plots show a 
general increase in recovery values as PPV breakage criteria values increase. A relatively large 
degree of variation is evident for all plots, with a number of outliers identified by visual 
inspection (denoted by red circles in relevant plots). As with powder factor, the degree of 
variability in scatter plots appears to be higher for those related to marker Rings 1 and 2 when 
compared to marker Ring 3. Due to data variability associated with marker Rings 1 and 2, it is 
difficult to conclude visually if the correlations identified by the SOM analysis are linear or 
non-linear in nature for these trials. Correlations related to marker Ring 3 show relatively low 
variability with a general linear trend being apparent. It can be concluded that the correlations 
are direct in nature and could possibly be described as linearly related (especially for marker 
Ring 3). 
 
Linear correlation statistics for each identified relationship (including outliers) can be referred 
to in Table F.11, Table F.13, Table F.15, and Table F.17 (Appendix F) for PPV Area % 0.00 
m, PPV Area % 0.65m, PPV Area % 1.30 m, and PPV Volume % respectively. Linear 
correlation statistics for each identified relationship (excluding outliers) can be referred to in 
Table F.12, Table F.14, Table F.16, and Table F.18 (Appendix F) for PPV Area % 0.00 m, 
PPV Area % 0.65m, PPV Area % 1.30 m, and PPV Volume % respectively. Table cells 
highlighted in red indicate that the statistical significance value is less than 0.05, indicating a 
high likelihood that a linear relationship exists between the two parameters. 
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PPV Area % 0.00 m 
For the analysis of data including outliers, the results indicate that linear correlations occur for 
15 of the 16 relationships identified by the SOM analysis for PPV Area % 0.00 m. The 
correlation strength for these relationships is generally moderate (one weak and strong case 
also noted). The coefficient of determination values are generally low, indicating that a 
significant amount of variation in recovery values is not explained by the linear regression 
model.  
 
Outliers were identified for primary recovery – ring 3, total primary recovery – ring 3 
(including backbreak), total secondary recovery – ring 3 (including backbreak), and total 
primary recovery – ring 3 (excluding backbreak). These outlier data points were removed from 
the analysis with the statistical results summarised in Table F.14. The results indicate 
improvements in both the statistical significance and Pearson correlation values for all 
recovery parameters with outliers removed. However no change in correlation strength 
description resulted from the removal of outliers.  
 
The results indicate that the relationship between PPV area % 0.00 m and recovery can 
generally be described as a linear correlation with moderate correlation strength. Correlations 
were dominantly associated with recovery parameters for marker Rings 2 and 3, with 
correlation strengths generally being stronger for relationships associated with marker Ring 3. 
These findings would support the theory that PPV area % 0.00 m influences extraction zone 
recovery and total extraction zone recovery for marker Rings 2 and 3, with this effect 
diminishing with distance from the blast ring.  
 
PPV Area % 0.65 m 
For the analysis of data including outliers, the results indicate that linear correlations occur for 
11 of the 14 relationships identified by the SOM analysis for PPV Area % 0.65 m. The 
correlation strength for these relationships is weak to moderate. The coefficient of 
determination values are generally low, indicating that a significant amount of variation in 
recovery values is not explained by the linear regression model.  
 
Outliers were identified for primary recovery – ring 3, total primary recovery – ring 3 
(including backbreak), and total primary recovery – ring 3 (excluding backbreak). These 
outlier data points were removed from the analysis with the statistical results summarised in 
Table F.16. The results indicate improvements in both the statistical significance and Pearson 
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correlation values for all recovery parameters with outliers removed. Decreases in the 
statistical significance values resulted in the recategorisation of correlation strength from weak 
to moderate for all cases with outliers removed. 
 
The results indicate that the relationship between PPV area % 0.65 m and recovery can 
generally be described as a linear correlation with moderate correlation strength. Correlations 
were mainly associated with recovery parameters for marker Rings 2 and 3, with correlation 
strengths generally being stronger for relationships associated with marker Ring 3. These 
findings would support the theory that PPV area % 0.65 m influences extraction zone recovery 
and total extraction zone recovery for marker Rings 2 and 3, with this effect diminishing with 
distance from the blast ring. 
 
PPV Area % 1.30 m 
For the analysis of data including outliers, the results indicate that linear correlations occur for 
10 of the 11 relationships identified by the SOM analysis for PPV Area % 1.30 m. The 
correlation strength for these relationships is moderate to strong. The coefficient of 
determination values are generally low, indicating that a significant amount of variation in 
recovery values is not explained by the linear regression model.  
 
Outliers were identified for primary recovery – ring 3, total primary recovery – ring 3 
(including backbreak), total primary recovery – ring 3 (excluding backbreak), and total tertiary 
recovery – ring 2 (excluding backbreak). These outlier data points were removed from the 
analysis with the statistical results summarised in Table F.18. The results indicate 
improvements in both the statistical significance and Pearson correlation values for all 
recovery parameters with outliers removed. However no change in correlation strength 
description resulted from the removal of outliers.  
 
The results indicate that the relationship between PPV area % 1.30 m and recovery can 
generally be described as a linear correlation with moderate correlation strength. Correlations 
were associated with recovery parameters for marker Rings 2 and 3, with correlation strengths 
generally being stronger for relationships associated with marker Ring 3. These findings would 
support the theory that PPV area % 1.30 m influences extraction zone recovery and total 
extraction zone recovery for marker Rings 2 and 3, with this effect diminishing with distance 
from the blast ring. PPV area % 1.30 m does not appear to influence recovery in marker Ring 
1. 
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PPV Volume % 
For the analysis of data including outliers, the results indicate that linear correlations occur for 
9 of the 11 relationships identified by the SOM analysis for PPV volume %. The correlation 
strength for these relationships is moderate to strong (one weak case). The coefficient of 
determination values are generally low, indicating that a significant amount of variation in 
recovery values is not explained by the linear regression model.  
 
Outliers were identified for primary recovery – ring 3, total primary recovery – ring 3 
(including backbreak), and total primary recovery – ring 3 (excluding backbreak). These 
outlier data points were removed from the analysis with the statistical results summarised in 
Table F.20. The results indicate improvements in both the statistical significance and Pearson 
correlation values for all recovery parameters with outliers removed. However no change in 
correlation strength description resulted from the removal of outliers.  
 
The results indicate that the relationship between PPV volume % and recovery can generally 
be described as a linear correlation with moderate correlation strength. Correlations were 
associated with recovery parameters for marker Rings 2 and 3, with correlation strengths 
generally being stronger for relationships associated with marker Ring 3. These findings would 
support the theory that PPV volume % m influences extraction zone recovery and total 
extraction zone recovery for marker Rings 2 and 3, with this effect diminishing with distance 
from the blast ring. PPV volume % does not appear to influence recovery in marker Ring 1. 
 
F.3 Explosive Properties and Initiation 
The SOM analysis indicated a number of possible correlations between explosive properties 
and initiation, and extraction zone recovery. A total of seven, seven, and three correlations 
were identified between recovery and the number of explosive sleep time, nominal delay time, 
and detonator location respectively. This represents approximately 18 percent (explosive sleep 
time and nominal delay time) and 8 percent (detonator location) of all recovery parameters 
analysed. A summary of these parameter correlations is outlined in Table F.22. It can be noted 
that the majority of correlations (59 percent of cases) are associated with total extraction zone 
recovery (including and excluding backbreak). Additionally, these correlations are mainly 
associated with marker Ring 3 (76 percent of cases). 
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Table F.21 – Explosive Properties and Initiation - Extraction Zone Recovery Correlations 
Identified by SOM  
 Extraction Zone Recovery Total Extraction Zone Recovery 
Including Backbreak Excluding Backbreak 
Explosive Sleep Time Primary – Ring 3 
Tertiary – Ring 3 
Primary – Ring 3 
Secondary – Ring 3 
Tertiary – Ring 3 
Quaternary – Ring 2 
Primary – Ring 3 
Nominal Delay Time Primary – Ring 3 
Tertiary – Ring 3 
Backbreak – Ring 1 
Backbreak – Ring 2 
- Primary – Ring 3 
Tertiary – Ring 2 
Tertiary – Ring 3 
Detonator Location Secondary – Ring 3 Secondary – Ring 3 
Quaternary – Ring 3 
- 
 
F.3.1 Explosive Sleep Time 
Scatter plots of the identified correlations between explosive sleep time and extraction zone 
recovery can be referred to in Figure F.10. The plots show a general increase in recovery 
values as the explosive sleep time decreases. A relatively large degree of variation is evident 
for all plots, with no outliers identified by visual inspection. Due to data variability in the 
scatter plots it is difficult to conclude visually if the correlations identified by the SOM 
analysis are linear or non-linear in nature. It can be concluded that overall that the correlations 
are inverse in nature and could possibly be described as linear (especially for marker Ring 3).  
 
Linear correlation statistics for each identified relationship can be referred to in Table F.22. 
Table cells highlighted in red indicate that the statistical significance value is less than 0.05, 
indicating a high likelihood that a linear relationship exists between the two parameters. For 
the analysis of data including outliers, the results indicate that linear correlations occur for four 
of the seven relationships identified by the SOM analysis. The correlation strength for these 
relationships is weak (one moderate case). The coefficient of determination values are 
generally very low, indicating that a significant amount of variation in recovery values is not 
explained by the linear regression model.  
 
The results indicate that the relationship between explosive sleep time and recovery can 
generally be described as an inverse linear correlation with weak correlation strength. 
Explosive sleep time correlations were associated with recovery parameters for marker Rings 2 
and 3, with correlation strengths being stronger for relationships associated with
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marker Ring 3. These findings would support the theory that explosive sleep time, to some 
extent, influences extraction zone recovery and total extraction zone recovery for marker Rings 
2 and 3, with this effect diminishing with distance from the blast ring. Explosive sleep time 
does not appear to influence recovery in marker Ring 1. 
 
F.3.2 Nominal Delay Time 
Box and whisker plots of the identified correlations between nominal delay time and extraction 
zone recovery can be referred to in Figure F.11. The box and whisker plots show graphically 
the recovery results for nominal delay times of 17 ms, 25 ms, 50 ms, 75 ms, and 100 ms. 
Although there appears to be some differences in nominal delay time recovery distributions, it 
must be kept in mid that the majority of data is associated with the 50 ms interval 
(approximately 78 percent of all marker trials). Due to the lack of data for the 17 ms (2 cases), 
25 ms (4 cases), 75 ms (6 cases), and 100 ms (1 case) intervals a detailed statistical analysis 
was not conducted.    
 
F.3.3 Primary Detonator Location 
Box and whisker plots of the identified correlations between primary detonator location and 
extraction zone recovery can be referred to in Figure F.12. The box and whisker plots show a 
general increase in the mean extraction zone recovery when comparing primary detonator 
location at the toe and midpoint. It can also be noted that a number of outlier and extreme data 
points are evident for both detonator locations. 
 
Table F.23 and Table F.24 summarises the results for a basic statistical analysis and statistical 
comparison between toe and midpoint detonator location respectively. The highlighted red 
cells in Table F.23 indicate that the assumption of normality or equal variance is satisfied (p < 
0.05). The results indicate that the assumptions of normality and equal variance are not 
satisfied for any of the correlations. These results provide the basis for the selection of an 
appropriate statistical test methodology to compare recovery results between the two different 
groups of blast holes. 
 
The results in Table F.24 summarise the statistical comparison for the nonparametric test 
methodologies. Cells highlighted in red indicate a statistical significant difference (p < 0.05) 
between toe and midpoint detonator location results. Considering that the Mann-Whitney U 
test is identified as the most powerful nonparametric test, it can be concluded that there is a 
significant statistical difference between toe and mid point detonator locations for secondary
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Appendix F – Blast Parameter – Extraction Zone Correlation Statistical Results 
484 
recovery – ring 3 and total secondary recovery – ring 3 (including backbreak). The statistical 
results support the SOM analysis findings that the primary detonator location influence 
identified extraction zone recovery parameters. However the number of correlations is 
relatively small compared to other blast related parameters. 
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APPENDIX H 
 
HSBM MODELLING RESULTS 
 
 
 
 
 
Animation of HSBM model results can be referred to electronically on the attached CD. 
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APPENDIX I 
 
DETAILS OF ELECTRONIC MARKER SYSTEM DESIGN 
 
 
I.1 Electronic Marker System Design 
Design considerations were driven by the EMS specifications, development time frame, and 
development budget. Due to the short development time frame, the initial design decisions 
made were critical to the overall success of the project. The following sections discuss in detail 
the design considerations and rational behind the EMS.  
 
I.1.1 System Design 
A number of factors needed to be considered for the initial design of the EMS, including 
(Wortley et al, 2005): 
 
• The electronic circuitry of the electronic marker to withstand high shock energy under blast 
loading. 
• Each electronic marker to be coded with a unique identification number (there may be 
several thousand markers deployed at a given time and each has to be uniquely identified). 
• Electronic marker may not be recovered for up to two years (extended battery life is 
required). 
• There may be more than one marker recovered at one time in an LHD bucket. 
• The time window to detect the presence of a marker is limited so as not to slow production 
schedule of the mine. 
• The signals from the marker are to propagate through the blasted rock material in an LHD 
bucket. 
 
Based upon the factors listed above, the following design decisions were made (Wortley et al, 
2005): 
 
1. Based upon the Julius Kruttschnitt Mineral Research Centre (JKMRC) previous experience 
with the blast movement monitor (BMM) system (Thornton et al, 2005) the 
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communications frequencies were set to approximately 66 kHz and the transmitter and 
receiver coupled using magnetic fields (note that the receiver operates in the near field of 
the transmitter radiation and that EM radiation is not present locally). This frequency was 
found to provide substantial signal penetration through blasted rock. 
2. To achieve the expected electronic marker life, batteries needed to have a long shelf life 
and high capacity. The chosen batteries were D size three volt lithium with a shelf life of 
10 years and a 10.3 Ah capacity. Three batteries per marker were required for operation. 
3. It is necessary to minimise the current drawn from the batteries whilst the markers wait for 
recovery. Even relatively small amounts of current drawn continuously will flatten the 
batteries in an unacceptable time (as an example, 1 mA continuously extracts 10 Ah in 
10,000 hours i.e. less than 14 months). Thus it is necessary to ‘sleep’ the marker until it is 
recovered and to use very low current draw components. An acceptable continuous current 
would be of the order of 100 µA. A wake-up scheme was adopted that involved 
transmitting a signal to the marker to activate the more current intensive electronic 
sections. 
4. The most convenient time to detect a marker and determine the draw point it was 
excavated from is when it is in the LHD bucket. This localises the search point but means 
that the receiving system has to cope with moving machinery. The implication is that the 
receiving antenna system has to be distributed along the LHD path and that the window of 
time available for detection is limited. It was decided that the maximum time available 
would be 10 seconds to wake and detect the electronic marker. 
5. To achieve the required number of unique identification numbers, each marker would be 
coded with a 14 bit serial number (allowing 16384 unique codes). This code would be 
extended to 32 bits to provide error detection capabilities. Thus communication between a 
marker and the detection system requires the transmission of a 32 bit sequence. It was 
decided that each logic level (Logic 0 and Logic 1) be sent as signal bursts at different 
frequencies (FSK). Chosen frequencies for this were Logic 0 – 64.1024 kHz and Logic 1 – 
66.6666 kHz. 
6. It is possible that more than one marker could be present in the LHD bucket at one time. 
As each marker needs to be uniquely identified it is not possible for them to transmit 
simultaneously. It is also not possible for them to occupy their own pre-determined ‘time-
slot’ for transmission thus avoiding contention and clashing (there are too many 
variations). Thus it is concluded that each marker had to listen for the presence of other 
markers transmitting within the LHD bucket and to hold back their transmission until a 
time slot became available (thus the marker had to be processor controlled). It was decided 
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that there would probably be no more than three markers in most cases and even that would 
be unlikely. Nevertheless the system was designed to cope with up to 10 markers being 
identified in 10 seconds. 
7. As the detection needs to be performed in the presence of moving machinery (LHD) it is 
highly likely that electrical noise generating magnetic fields will be present. Thus the 
signal strengths generated by both the transceiver system and each individual electronic 
marker needs to be sufficiently strong as to overcome this ‘noise’. It is also desirable that 
the detection systems are able to recover weak signals in the presence of noise. Several 
different schemes are possible for this. The design chosen generates relatively strong 
signals but uses relatively unsophisticated signal detection techniques. Although not an 
ideal method, given the time and budget constraints of development, this option was 
considered to give the best prospects of prototype success.  
 
I.1.2 Signal Transmission Format 
The format in which the electronic marker transmits data is important to achieve several of the 
design specifications. In particular it has an impact on the time required for marker contention 
resolution, the number of unique identification numbers possible, and decoding error detection 
and correction. The format design adopted is summarised below (Wortley et al, 2005): 
 
• Data is to be transmitted over two frequencies (64.1024 kHz and 66.6666 kHz), 
representing binary values 0 and 1. 
• Allowable time to receive codes from the markers is in the order of 10 seconds.  
• Design is based upon:  
o 0.5 to 1 second for electronic marker wake-up. 
o Read up to 10 markers in 5 seconds. 
o 15,000 plus different codes (≥14 bits) 
o Error detection/correction. 
• Synchronizing bits are essential because a ‘UART style’ of detection is to be employed. 
This is to determine timing from the ‘start bits’ in order to locate the centre of the 
following data bits. At this time a decision is made whether the received bit is a 0 or 1. 
• An odd parity bit is inserted after each group of 3 bits of data. This gives a measure of error 
detection and isolation. Since the bits are grouped in three’s the total code word length 
chosen is 15 bits, giving 32768 different codes. Restrict bit 0 to be 1 so that there is a level 
change after the transmission of the 4 logic 0 start bits.  
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• This brings the total bits sent to 28 and it is easier for software to handle full bytes so an 
extra 4 zero bits are added as ‘stop bits’. This will also have an advantage in detecting the 
next transmission. 
• 10 markers in 5 seconds imply 500 milliseconds per code or approx 15 milliseconds per 
bit. This is longer than what is required, but will also result in increased reliability. The 
software to handle the processor timer interrupts has fewer overheads if the timer is free 
running. In this mode, with a 0.1 µsec cycle time, a time of 6.5536 milliseconds interrupt 
period is suitable. 
• A bit time of 6.5536 milliseconds is selected. 
• This scheme would conceivably handle approx 43 markers in a 9 second period – with an 
efficient algorithm to avoid contention. There is scope to apply rigorous algorithms to 
avoid contention. 
• If error rates are unacceptable there is also scope to change the format to implement better 
error correction. 
 
I.1.3 Operating Sequence 
The system operating sequence describes the logical progress in which the electronic marker is 
detected and logged by the system. The sequence is relatively straight forward, with the 
following steps followed (Wortley et al, 2005): 
 
1. Pre-programmed electronic markers are installed into drill holes in preparation for blasting. 
The markers are in their sleep mode with most circuitry inactive. 
2. The rock mass containing the markers is blasted.  
3. The marker is excavated by an LHD. 
4. The transceiver system is located along a path which the LHD will take, preferably at a 
point where the LHD is forced to slow (e.g. production drive intersection with perimeter 
drive). There is one transmitter antenna and several receiver antennae spaced further down 
the LHD path (located on the drive roof). The antennae connect to an electronics module 
containing the receiving decoder circuitry and the antenna transmitter drive circuitry. The 
LHD presence is detected automatically. 
5. As the LHD is detected the transmitter transmits a 0.5 second pulse at Logic 1 frequency to 
wake-up any electronic markers in the bucket. 
6. Markers in the LHD bucket wake-up, enabling the remaining circuitry to operate and listen 
for Logic 0 or Logic 1 signals. Contention resolution software in the markers will cause the 
marker to transmit its serial number when it is able to. 
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7. The receiving antennae spaced along the LHD path will receive the transmission from the 
electronic markers. The receiver decoding circuitry will resolve this signal into a binary 
sequence. The receiver will attempt to decode the serial number. 
8. Both the binary sequence and the serial number are sent on via a serial port on the receiver 
module to a data logging system. The data logger also decodes the binary sequence and is 
able to apply error detection and correction techniques to the stream. Ideally the serial 
numbers computed by both the logger and by the receiver are the same. The result is date 
stamped and logged.  
9. The markers, once initiated, will remain active for 20 seconds before returning to the sleep 
mode. In this way the marker is able to recover from any false triggering that may have 
occurred prior to entering the read zone. 
10. The transceiver waits until initiated by the LHD entering the read zone. It will listen for 
marker transmissions until either the LHD is detected leaving the zone or twenty seconds 
after LHD detection. It will then resume waiting for the next LHD to pass. 
 
I.2 Electronic Marker System Components 
As with an RFID system, the EMS can be divided into three major components – an electronic 
marker (transponder), antennae, and transceiver. The antennae can be further divided into a 
transmitting antenna (to wake-up the electronic marker) and a series of receiver antennae (to 
receive the electronic marker transmitted signal). Both the transmitting and receiving antennae 
are connected to the transceiver, which controls the wake-up transmission signal and the 
receiving, decoding, and logging of the electronic marker serial number.  
 
I.2.1 Electronic Marker (Transponder) 
The electronic marker is the most critical component of the overall system. The marker must 
be able to survive the blasting process, material flow, and subsequent excavation, while at the 
same time being able to transmit through a substantial amount of blasted rock material in an 
electromagnetically ‘noisy’ environment. Due to these extreme conditions the marker must be 
robust enough to protect the internal electronics, coils, and batteries. A schematic section and 
actual photograph of the electronic marker are shown in Figure I.1 and Figure I.2 respectively. 
Figure I.1 shows the location of the metal and PVC casing, primary and secondary coil, 
batteries, and circuit board. The overall length and diameter of the marker is 249 mm and 61 
mm respectively, with an internal diameter of 45 mm for the housing of batteries and circuit 
boards. An epoxy, with a high insulation resistance, is used to fill the internal cavity of the 
marker as well as any void between the PVC casings. 
Appendix I – Details of Electronic Marker System Design 
522 
 
Figure I.1 – Schematic section of electronic marker showing general layout of components 
 
 
Figure I.2 – Photograph of electronic marker 
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The marker electronics are divided into three sections corresponding to an upper, middle, and 
lower circuit board. Each section was placed on a separate circuit board due to limited space 
inside the marker and to provide a measure of electrical isolation between the different 
electrical components (Wortley et al, 2005). Figure I.3 shows photographs of the upper, 
middle, and lower circuit boards.  
 
Upper Circuit Board
Middle Circuit Board
Lower Circuit Board
 
Figure I.3 – Photograph of upper, middle, and lower circuit boards 
 
Upper Circuit Board 
The upper board contains the analogue components that monitor the signal coming from the 
secondary coil. It is active at all times and as such is the prime consumer of energy during the 
sleep cycle. The signal from the secondary coil is at a low level (typically less than 2 mvp-p) 
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and is embedded in electrical noise generated from nearby machinery. The signal is amplified 
and filtered to a manageable level and compared with a DC level that discriminates signal from 
noise. The output is a digital signal indicating signal presence (Wortley et al, 2005). 
 
The need for low power consumption and the management of noise in the signal make this 
section the most difficult to design. Ideally the current drawn by this board should be less than 
100 µA to achieve the desired lifetime. However, low currents inherently have poorer signal to 
noise ratios that compound the difficulties in extracting the signal from the secondary coil. 
Thus correct circuit board layout is essential, with ground feed isolated from the high current 
and digital sections. The current implementation has an amplifier installed that uses 
approximately 240 µA. This is only a short term implementation. Other available amplifiers 
will meet the desired target and will be integrated into the design at a future date (Wortley et 
al, 2005).   
 
Figure I.4 and Figure I.5 show circuit diagrams of the upper circuit board. Capacitor C106 is 
used to tune the coils to resonate at 65.4 kHz (mid-band of Logic 0 and Logic 1 frequencies). 
High voltages are generated on the secondary coil terminals during transmission requiring that 
this capacitor have a high voltage rating (1000 V rating used). Similarly the resistor string 
R122, R123, R127, and R128 provide an overall voltage rating to withstand the coil voltage 
during transmission and protect the amplifier input. The amplifier will go into protection mode 
should the voltage on its input pin rise above supply. Input current during overdrive has to be 
limited. R122, R123, R127, and R128 determine the input impedance of the amplifier and 
hence the loading on the tuned secondary coil. The impedance of the parallel resonant 
secondary is significantly affected by amplifier loading when the amplifier input impedance is 
low. The values chosen represent a compromise to achieve sufficiently high input impedance, 
good noise characteristics, and adequate stage gain. Bias resistors should be made as high a 
value as possible to limit overall current draw but low enough so that noise is not a problem 
(Wortley et al, 2005). 
 
The second stage consists of a bandpass filter stage with gain centred on 65.4 kHz. Initial 
design for this filter was done using SPICE modelling. Final component selection has to be 
verified experimentally to cater for the inherent circuit board capacitance effects. The selection 
of R100, R130, R134, R131, and R135 determine the switch point for the comparator (U104). 
Connector J103 feeds through to the middle board as a wake-up and signal detect line. The 
switch point is configured so that the wake-up is Active High (Wortley et al, 2005). 
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Figure I.4 – Upper board circuit diagram of input amplifier stage (after Wortley et al, 2005) 
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Figure I.5 – Upper board circuit diagram of filter stage (after Wortley et al, 2005) 
 
Middle Circuit Board 
The Middle board contains the digital control system and a Micropower 5 V regulator. The 
processor used in this implementation is a Microchip PIC18F1220 microcontroller. It was 
chosen for this application because of its instruction cycle time of 0.1 µsec. This short cycle 
time enables multiple frequencies to be generated where their periods differ by multiples of 0.1 
µsec. The ability to be able to program the device to generate multiple frequencies in a fairly 
narrow band gives greater flexibility in the overall system design. For example, if the number 
of serial numbers used in an applications reaches the limit then another set of frequencies can 
be chosen for a second set, giving two (or more) marker batches deployed (Wortley et al, 
2005).  
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The microcontroller is crystal controlled. This is essential if close multiple frequencies are to 
be generated but represents a weak point in the overall design. Standard crystals are specified 
to be able to withstand a shock of 10 g. Recent experience suggests that circuitry using such 
crystals will survive a blast given suitable protection. Shock resistant crystals are available 
(10,000 g and 100,000 g) that are more robust. Both standard crystals and high shock (10,000 
g) crystals were trialled during system development. The PIC18F1220 microcontroller is 
programmed in-circuit (i.e. after the circuit is assembled). At present this requires the six-pin 
programming socket to be accessible through the upper board (Wortley et al, 2005). 
 
Figure I.6 shows the circuit diagram for the middle circuit board. U1 is a Micropower 5 V 
regulator. It draws less than 20 µA standing current. It remains on for the lifetime of the circuit 
and provides supply to the amplifier, comparator, and the microcontroller. Capacitor C3 
(tantalum 4.7 µF) has to be a low leakage type as standard tantalum capacitors have significant 
leakage current. When in the sleep mode the PIC18F1220 microcontroller draws insignificant 
current and the oscillator is inactive. It is woken from sleep by a signal on the WakeUp line. 
The 5 V regulator is isolated from its load at the programming terminal. The circuit requires 
pins 3 and 5 to be shorted to feed the supply to the amplifier and microcontroller. As such a 
connection between these pins constitutes an enable or disable for the electronic marker. 
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Figure I.6 – Middle board circuit diagram of processor and regulator (after Wortley et al, 2005) 
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Lower Circuit Board 
The lower board provides the high power output drive to the primary coil. The final output 
stage has an N-Channel MOSFET H-Bridge structure. Gate drive for the main MOSFET’s is 
provided by a P-Channel/N-Channel pair that is switched by the PIC18F1220 microcontroller. 
Each gate in the H-bridge is individually controllable from the microcontroller. Gate drive for 
the bridge high side MOSFET’s have to be several volts above the supply voltage to be able to 
turn the gates ON hard. The drive is provided by a voltage doubler section attached to the 
bridge output (Wortley et al, 2005). 
 
Figure I.7 shows the circuit diagram for the H-bridge antenna drive. H-bridge output gives 
twice the supply voltage swing across the primary coil thus delivering maximum power. The 
gates are driven high and pulled low by the gate resistors R300, R301, R302, and R303. The 
time constant formed by gate capacitance and the gate pull-down resistor determines the 
switch off speed of the MOSFET (Wortley et al, 2005). 
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Figure I.7 – Circuit diagram of H-bridge antenna drive (after Wortley et al, 2005) 
 
Figure I.8 shows the circuit diagram for the H-bridge gate drive. The drive circuit switches 
supply voltage to the H-Bridge low side gates and an above supply voltage to the H-bridge 
high side gates. The switched H-bridge MOSFET’s are therefore driven hard ON and have an 
insignificant ON resistance. The four drives are independently controlled by the PIC18F1220 
microcontroller to give greater flexibility. For a standard implementation this may not be 
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necessary and may be reduced to two lines from the PIC18F1220 microcontroller by pairing 
Top Left/Bottom Right and Top Right/Bottom Left signals (Wortley et al, 2005). 
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Figure I.8 – Circuit diagram of H-bridge gate drive (after Wortley et al, 2005) 
 
Figure I.9 shows the circuit diagram for the high side voltage supply. The high side voltage 
drive generation is a dual voltage-doubler configuration. It has a “bootstrap” action. It relies on 
the H-bridge switching to generate the higher voltages and will take a few cycles for the 
voltage to rise. During this time the high-side MOSFET’s are not driven hard and the Source-
Drain resistance is relatively high but falling. Overall the effect is a “soft-start” drive to the 
primary coil. For most applications a single voltage doubler would suffice, providing the H-
bridge output is always switched (Wortley et al, 2005). 
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Figure I.9 – Circuit diagram of the high side drive voltage supply (after Wortley et al, 2005) 
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I.2.2 Antennae 
The EMS has one transmitting antenna and multiple receiving antennae that are positioned 
above the path of an LHD. The transmitting antenna is a primary driven, secondary resonant, 
arrangement tuned to the mid-band of the logic frequencies (65.4 kHz). This arrangement 
allows maximum energy transfer from the transmitting circuitry into the radiating magnetic 
field. The antenna is circular with a diameter of 600 mm, having a primary coil consisting of 
two turns of 0.8 mm diameter copper wire and a secondary coil with 70 turns of 0.2 mm 
diameter copper wire.    
 
Each receiver antenna is hexagonal in shape with a width of 350 mm. The coil consists of 70 
turns of 0.2 mm diameter copper wire and is resonant at the communication frequency band 
(65.4 kHz). The antenna also contains a powered pre-amplifier to minimise signal loss and 
noise problems in the cabling to the transceiver electronics module. There is (theoretically) no 
limit to the number of receiver antennae that can be deployed. It is envisaged that no more than 
eight units are required for a given application, with the transceiver module allowing up to this 
number. A photograph of the transmission and receiver antennae is shown in Figure I.10. 
 
 
Figure I.10 – Photograph of transmission (left) and receiver (right) antennae 
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I.2.3 Transceiver 
The transceiver is both a transmitting and receiving unit, responsible for waking the electronic 
marker, and receiving and decoding the marker signal. The transceiver can be divided into 
three main components: 
 
1. Signal detection module. This module takes the signal coming from the receiver antenna 
and outputs digital signals indicating the presence of frequencies representing Logic 0 and 
Logic 1. 
2. Master control module. The function of the master controller is to monitor for the 
presence of an LHD, transmit a wake-up signal to any markers carried by the LHD, listen 
for marker response, decode any serial number codes that are received, and to pass the data 
on to a data logger for storage. 
3. Transmitter module. This module transmits a frequency for a period determined by the 
master control module to wake the electronic marker. 
  
The transceiver modules and their interaction with one another is summarised in Figure I.11, 
while a photograph of the system is shown in Figure I.12. 
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Figure I.11 – Summary of transceiver modules and function (after Wortley et al, 2005) 
 
Appendix I – Details of Electronic Marker System Design 
531 
 
Figure I.12 – Photograph of the transceiver module 
 
Signal Detection Module 
The signal detection module circuit is divided into three distinct sections. An amplifying 
section, a narrow bandpass filter section, and a digital level detector and interface section. The 
amplifier section (circuit diagram Figure I.13) has two stages of gain with an optional further 
two stages for use in low noise, low signal areas. Amplification is set to 324 without the 
optional stages. Gain for the optional section is set as required (Wortley et al, 2005). 
 
The amplified signal is then passed through a pair of narrow band filters (circuit diagram 
Figure I.14) that are set to the logic frequencies (64.1024 kHz and 66.6666 kHz). Each filter is 
a 16-pole single centre frequency design giving a narrow bandwidth and high Q based on 
Linear Technology’s LTC1562-2 device. Filter characteristic are designed using Linear 
Technology’s FilterCad software. 
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Figure I.13 – Circuit diagram for two or four stages of amplification (after Wortley et al, 2005) 
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Figure I.14 – Circuit diagram of narrow band filters (after Wortley et al, 2005) 
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Filtered outputs should only occur when a marker is transmitting and is therefore part of the 
data stream (circuit diagram Figure I.15). The signal level is compared against a DC level that 
is adjustable using the Pots R29 and R34. The Pots are set just above the ambient noise level. 
The comparator output should change rail-rail at signal frequency when a valid signal passes 
the filter. A retriggerable monostable (74HCT123) set with a period of 20 µsec converts the 
comparator output to a Logic level determined by the presence of the correct frequency. 
Circuits are able to be cascaded to allow for multiple receiver antennae by the monostable 
outputs with signals from another decoder board via connector J3 (Wortley et al, 2005). 
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Figure I.15 – Circuit diagram of filter output (after Wortley et al, 2005) 
 
Master Control Module 
The master control board uses a Microchip PIC16F877A microcontroller at 20 MHz as the 
control processor. Figure I.16 shows the circuit diagram for the master control unit. The circuit 
is configured to have up to 10 different frequencies for logic levels. The current prototype 
system uses only two frequencies in a binary system. If there is less time to read from the LHD 
than designed for, it is possible to implement a higher order system other than binary, using 
detector boards with filters set to different frequencies. Each logic input and the LHD are 
connected to the interrupt mechanism of the PIC16F877A microcontroller. There are two 
inputs allocated to LHD detection. The interrupt input will detect the presence of the LHD. 
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The other may be used with a suitably placed detector to determine LHD direction. The current 
software assumes that only a LHD travelling in the correct direction will interrupt and the 
second input is not used. A TTL to RS232 converter provides the necessary voltage shifts to 
drive the communications port. Current software uses Asynchronous Serial transfer at 9600 
baud, 8 data bits, no parity, and 1 stop bit (Wortley et al, 2005). 
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Figure I.16 – Circuit diagram for master control module (after Wortley et al, 2005) 
 
Transmitter Module 
The transmitter module circuitry contains a PIC18F1220 microcontroller to generate the 
transmitter frequency for a period determined by the master controller module. The master 
controller module issues an active High transmit request to the transmitter module and expects 
the module to transmit for the duration of the request. Transmit frequency is currently at 
66.6666 kHz though any frequency in the band 64 kHz to 67 kHz would be appropriate. Apart 
from the components having greater current handling capacity, the transmit circuitry is similar 
to the transmit sections on the electronic marker (Wortley et al, 2005). Circuit diagrams for the 
transmit module are shown in Figure I.17, Figure I.18, and Figure I.19. 
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Figure I.17 – Circuit diagram of H-bridge gate drive (after Wortley et al, 2005) 
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Figure I.18 – Circuit diagram of transmitter frequency generator (after Wortley et al, 2005) 
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Figure I.19 – Circuit diagram of H-bridge and High-side voltage boost (after Wortley et al, 2005) 
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I.2.4 Software and Control Algorithms 
Software and control algorithms were developed for the logic control of the electronic marker 
and transceiver, signal decoding, decoding error correction, and data logging. System logic 
control in both the electronic marker and transceiver are achieved through the use of 
microcontrollers.  
 
Electronic Marker 
The function of the PIC18F1220 microcontroller is to monitor the wakeup (signal detect) line 
from the input stage whilst asleep, wake when a signal is detected, monitor the signal detect 
line until other transmissions have ceased, and generate a sequence of drive signals for the 
transmitter H-bridge to send out the coded, stored serial number. After 20 seconds of wake 
time the marker is to return to sleep. This functionality is coded into each marker with software 
written in Microchip’s PIC18 family assembly language (Wortley et al, 2005). A summary of 
the control algorithm for the electronic marker is contained in Table I.1.   
 
Table I.1 – Electronic Marker Control Algorithm (after Wortley et al, 2005) 
On Reset: Initialise. 
Sleep, waiting for interrupt. 
On Wake: PLL used so 25 msec plus has elapsed. 
Enable 20 sec time-out. 
Check if wake-up still active. 
If not: RESET. 
Else: Wait till wake-up finishes then 
proceed to transmit routine. 
Transmit Routine: Wait time determined by marker serial number. 
Listen for other markers online. 
If online: Back to transmit routine if timeout 
interrupt then RESET. 
Else: Transmit serial number. 
Wait: Wait for timeout then RESET. 
 
Transceiver 
The function of the PIC16F877A microcontroller is to monitor the LHD detect line, initiate a 
half second wake-up signal transmitted when an LHD is detected, monitor the Logic input 
lines until a marker transmission is detected, sample any incoming signals at the calculated 
centre of each bit in the data stream, store and send the sample to the external data logger, and 
compute and send the likely received serial number. Twenty seconds after the LHD detection, 
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the software resumes waiting for the next LHD. This functionality is coded with software 
written in Microchip’s PIC18 family assembly language (Wortley et al, 2005). A summary of 
the control algorithm for the transceiver system is contained in Table I.2. 
 
Table I.2 – Transceiver Control Algorithm (after Wortley et al, 2005)  
On Reset: Initialise. 
Set up communications channel and issue sign on message. 
Wait for LHD: Test the LHD input lines. 
If high: Transmit. 
Else: Goto wait for LHD. 
Transmit: Enable 500 msec timer. 
Enable ‘transmitter online’ 
Wait for time interrupt. 
Disable ‘transmitter online’ 
Logic 1 wait: Wait until logic 1 received, LHD returns, or 20 sec elapse. 
Set timer for 1/16th bit time interrupt. 
Count interrupts to centre of first start bit. 
Read and store Logic 1; error if not. 
Wait till next bit start – further 8 interrupts. 
Get 31 bits: Sample next 31 bits for 0 and 1 at interrupts 5, 8, 11 of each bit. 
Form a majority result of 3 samples. 
Store samples if data, output all samples to RS232. 
Compute serial number, store, and send via RS232. 
Goto Wait for LHD. 
 
Time restrictions in the PIC16F877A microcontroller means that extensive error checking and 
decoding is difficult in real time. It was decided that, apart from fundamental error checking, 
the data is best analysed off-line in the data logger unit. Each sample of the incoming signal is 
sent to the logger and is available for deep analysis (Wortley et al, 2005). 
  
  
